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ABSTRACT

During the period April through June 1972, work was done in the
following areas: (1) study of criticality and entrainment problems in the
conceptual design of a distillation unit for the recovery of U-Pu from Zn-Mg
solutions, investigation of the kinetics of the reaction between Ca-jNo solid
particles and Zn-Mg-U solution, and study of the separation of CaO from
CaCl2 by an equilibrium phase separation, (2) engineering-scale work on
the denitration of uranyl nitrate-plutonium nitrate feed solutions to UOv-
PuO2 powder in a fluid bed, the dissolution of UO3-PUO2 denitration product
for recycle to the denitrator, and the evaluation of a jet grinder, (3) study
of the effects of particle size and particle-size distribution on the precision
of X-ray fluorescence analysis in determining Pu/U ratios in LMFBR oxide
fuel, (4) measurement of the extraction efficiency of the ANL long-rotor
centrifugal contactor (for application to solvent extraction of LMFBR fuels),
and (5) operation of an electrolytic cell (for the reduction of plutonium
for a Purex process application) with a new titanium-screen cathode to measure
reduction rates and current efficiencies with this experimental setup.

'.'• SUMMARY

[; • Liquid Metal Decladding of Reactor Fuels

A head-end pyrochemical process is being developed for processing
short-cooled LMFBR fuel assemblies. Upon immersion of a fuel assembly in
molten zinc, the stainless steel cladding is stripped from the fuel oxide

; by dissolution in the zinc. Liberated noble-gas fission products are con-
tained in the small-volume atmosphere of the processing furnace. Liberated
iodine is trapped in the molten salt that floats on the molten zinc. Any
sodium present dissolves in the decladding zinc. Next, the zinc is removed
from the insoluble solid oxide. The 03d.de solid is then reduced to metal
in a zinc-magnesium-calcium reduction alloy in the presence of a molten salt.
Some fission products dissolve in the molten salt, which ultimately becomes
a process waste. The uranium-plutonium that has been reduced to metal
dissolves in the liquid metal reduction alloy. The uranium-plutonium is
recovered from this alloy and is next further decontaminated in the aqueous-
solvent-extraction process.

Product Recovery. Design of a conceptual distillation unit for the
recovery of U-Pu from product solution (3200 kg of zinc-magnesium solvent
containing 330 kg of U-Pu) continues. The present study is concerned with

; criticality and entrainment problems. Past experience with distillation of
; Zn-Mg~U solutions shows that to avoid excessive turbulence (nucleate boiling)



and resultant entrainment, the distillation rate of solvent must be limited
to about 1 g/(min)(in. ). This means that about 5500 in.^ of evaporative
surface (between vapor and liquid phases) is required for the specified
batch size. Consideration of the criticality problem for plutonium leads
to the conclusion that batch control will be required if a distillation
step is adopted. The product solution will have to be divided into nine
batches, and the solvent in each batch evaporated from a 25- by 25- by 7-in.
thick slab geometry.

An alternative to distillation being considered for the separation of
U-Pu product from solvent metals is the precipitation of insoluble uranium
and plutonium nitrides from the product solution. The kinetics of the
reaction between Ca3N£ solid particles (size range, 0.079 to 0.094 in.)
confined to a packed bed and Zn-10 wt % Mg-1.0 wt % uranium solution has
been investigated in four batch-type experiments.

In an experiment in which an excess of Ca3N£ was charged, the uranium
concentration in the solvent was reduced from 1.0 wt % to 0.2 wt % in 5 hr
of contact with Ca-jNo. Greater than 70% of the solid was converted to
uranium nitride at the end of the contact period. Visual examination of
the particles in the packed bed revealed essentially no change in particle
size as a result of reaction or removal of residual solvent by retorting.
X-ray diffraction analysis of the particles showed them to be essentially
pure UN. Chemical analysis of the product after retorting showed 1.7 wt %
Mg, 0.9 wt % Zn, and 0.9 wt % Ca as impurities in the final product. Material
balances for these runs indicated that after contact of the Zn-Mg-U solution
with CaoN2» the uranium was either confined to the packed bed or dissolved
in the zinc-magnesium solvent.

In another run, plutonium (0.18 wt %) and uranium (0.75 wt %) were
dissolved in Zn-10 wt % Mg that was contacted with a CaoNo packed bed. In
8 hr of contacting, all uranium was removed from solution and the plutonium
concentration was reduced to 0.1 wt %.

Recycle of Reduction Salt Waste. Salt cover layers used in the decladding
and reduction steps of the pyrochemical process constitute 60 ft of waste
salt per metric ton of uranium and plutonium processed. The major constituents
of the salt are CaO and CaC^; the waste salt leaving the process contains
'̂27 mol % CaO in CaCl?. An equilibrium phase separation in two steps has
been studied as a promising method of recovering part of the salt for recycle,
thereby lowering the volume of waste salt. In the first step, the waste
salt is heated above 835°C and a solid phase that is rich in CaO is separated
from a liquid phase containing "-20 mol % CaO. The solid phase becomes a
process waste. The liquid phase is next cooled to ̂ 750°C, and another solid
phase, CaO^CaClo, is separated from a eutectic liquid phase containing
6.5 mol % CaO in CaCl2- The liquid phase can be recycled. The CaO"2CaCl2
solid is blended with spent reduction salt and returned to the first separation
step for separation of CaO-rich Cad™.

Experiments were conducted wherein 17 mol % CaO in CaC^ salt mixtures
were equilibrated below 800°C and filtered through a 65-ym porous stainless
steel filter to separate the liquid and solid phases. These experiments
showed that a liquid phase with predictable composition (from the phase
diagram) can be separated from a CaO-CaClo salt by filtration through a



metal filter. One test filtration of the salt at 77O°C yielded a liquid
phase containing 8.5 mol % CaO, which is close to the desired eutectic
composition of 6.5 mol % CaO at 750°C. Results of laboratory experiments
suggest that the volume of waste salt can be reduced by a factor of 3 to 4
by use of this separation scheme.

Continuous Conversion of U/Pu Nitrates to Oxides

Studies are continuing on a fluidized-bed process for converting uranyl
nitrate-plutonium nitrate solutions to homogeneous oxide powder suitable for
the fabrication of fuel shapes (pellets). In successive steps, the mixed
nitrate solutions are denitrated to UO3-PUO2 powder and the U0~-Pu02 is
reduced with hydrogen to yield UO2~PuO2 powder, the required material for
fuel manufacture. Current emphasxs is on the denitration step, using pilot-
scale equipment installed in a 3- by 4~module glovebox. An integrated
program of laboratory and engineering studies is in progress,

Fluidized-bed denitration runs with U/Pu feed solutions have been
performed that were aimed at achieving steady state with respect to UOo-
PuOo powder composition. The starting bed at the outset of the denitration
runs with U/Pu feed was UOo. This UO^ has been gradually displaced as UO3-
P O has been prepared.

Three successful denitration runs (U-19-Pu, U-20-Pu, and U-21-Pu) were
made in the past quarter. Each required preparation of a fresh batch of
feed solution because of the limited capacity of the feed makeup system.
The feed solution for a given run was prepared by redissolving mixed oxide
product from the previous run. In work to develop a procedure for dissolving
UO3-PUO2 product for recycle, laboratory-scale dissolutions have given
higher dissolution rates for the PUO2 fraction than have pilot-plant tests.
As a result, further evaluation of dissolution procedures is planned.

All of the batches of feed were made to a similar composition, about
1.6M uranium, 0.04-0.05M plutonium, and 2.5M nitric acid. This composition
is in the range of interest for plutonium recycle fuel.

The starting bed for each run was about 8300 g of U03-Pu02, comprising
the bulk of the final bed from the previous run. Runs were conducted at
375°C; with a feed rate of ̂ 40 ml/'min, a fluidizing-gas velocity (of inlet
air) of 1.4 ft/sec was used; a gas velocity of ̂ 2.4 ft/sec was used with a
feed rate of 60 ml/min (third run only). The runs were of 13.0-, 12.5-, and
10-hr duration. A total of about 46 kg of U03-2.5% PuO^ powder (or about
5.5 bed equivalents) was produced. The product of the last run (̂.1.5 kg)
is considered a steady-state product and will be evaluated after planned
reduction and pelleting studies are conducted.

Because particle growth was experienced in initial fluidized-bed
denitration experiments with U/Pu solutions, in situ grinding was initiated,
using a jet-attrition device mounted in the cone bottom of the denitration
column. The effectiveness of the grinder was monitored by sieve analysis
of hourly product samples. Further refinement of the grinder is necessary
since a range of results were obtained, as follows:
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Run U-19-Pu. The grinding rate compensated for the growth rate;
the average particle size remained in the range
270 to 345 ym.

Run U-20-Pu. The jet nozzle was partially blocked during the run;
the average particle size increased from 320 ym to
510 ym.

Run U-21-Pu. The nozzle air rate was higher than in Run U-19-Pu,
and the grinding rate was in excess of the growth
rate; the average particle size decreased from
^400 ym to ̂ 150 ym.

Electron microprobe scans of individual particles produced in pilot-
plant experiments and autoradiographic analysis of particle fields show
uniform distribution of PuOo in the bulk UO3 matrix and only an occasional
particle with a small U03 core. This indicates that the original UOo bed
has essentially been displaced.

In-Line Analysis in Fuel Fabrication

Study of the potential of X-ray fluorescence (XRF) as an on-line
analytical method for determining the plutonium content of fast breeder
reactor (FBR) oxide fuels has continued, using ThC^-UC^ as a stand-in for
UC^-PuC^. In work during the past six months with solid-solution micro-
spheres and ground and sieved solid-solution material, the signal fraction,
Iy/Clu + ITu), has been shown to be independent of particle size, particle-
size distribution, and particle shape, and to be only mildly dependent on
bulk density. Signal fractions calculated from earlier XRF analyses of
Tb^-UOo of three compositions and three densities indicated that the effect
of bulk density on signal fraction is 0.2% per percent change in theoretical
density (TD).

The heterogeneity effects of particle size and particle-size distribution
are minimized by compacting to about 60% of TD, for which precision is
about 0.6%. Indications that the count rates of uranium and thorium were
associated after re-pressing suggest that the granulation (preslugging)
step in the fabrication process will improve the precision for green pallets
that contain plutonia.

The precision of the XRF method for determining the UO2 content of
sintered pellets and solid-solution material was 0.5%, indicating that the
method is adequately precise for analysis of plutonia content. For samples
in which variability of density is large enough to become a limitation,
corrections for the small density effect may allow further improvement of
the precision. This completes work with TI1O2-UO2.

Study of the analysis of plutonia-containing pellets by XRF has begun.

Adaptation of Centrifugal Contactors in LMFBR Fuel Processing

The performance characteristics of the long-rotor centrifugal contactor
continue to be investigated. The unit, which has a 4-in.-ID separating
rotor with a 12-in.-long settling zone, is being used to evaluate centrifugal
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contactors having critically favorable dimensions. Contactors of this type
are being considered for use in plutonium partition and isolation steps in
the Purex-type solvent extraction processing of LMFBR fuel material containing
high concentrations of plutonium.

Several sets of runs have been completed to measure extraction efficiency
of the unit when operated in the basic Savannah River (SR) mixing mode and
in a simplified annular mixing mode. Stage efficiency was found to be
essentially 100% for both mixing modes when uranium was extracted from a
nitric acid solution of uranyl nitrate into 30% tri-n-butyl phosphate (TBP)
in n-dodecane diluent. Stage efficiencies were also essentially 100% when
the uranium was stripped from the organic phase into dilute nitric acid.

The excellent performance of the contactor when operated in the annular
mixing mode makes this design highly attractive since it has advantages
over the SR design in simplified construction and maintenance. Additional
work on centrifugal contactors has been temporarily deferred to allow work
on higher-priority projects.

Electrolytic Reduction and Reoxidation of Plutonium in Purex Processes

Several alternatives exist for the presently used chemical reductants
for valence adjustment in Purex processes. Electrolytic valence adjustment
has been studied here. Another alternative recently proposed is hydroxylamine
nitrate, which would shift the problem from solid waste handling and storage
(chemicals presently used for valence adjustment contribute most of the
volume to high-level solid radioactive waste) to radioactive gas treatment
and disposal. Use of hydroxylamine nitrate is accompanied by continuous
and substantial generation of nitrogen and N2O at points in the plant where
131j abounds. This would make difficult the desired "zero-release" operation.

Work continues on electrolytic valence adjustment, which generates
neither solid nor gaseous waste. The recirculating electrolytic cell, built ij
to test the effect of process parameters on the rate of reduction, was '.]••
operated with a titanium-screen cathode. In several current-voltage experi- ,,;
ments with plutonium nitrate solutions, the reduction currents rose sharply [{
at a cathode potential near 0.5V (versus standard hydrogen electrode potential) \\
and became mass-transport limited at +0.24V. Hydrogen-ion reduction began li-
near -0.45V. >l

' I
Several reduction-rate measurements were made subsequently with plutonium }

nitrate electrolyte at a potential of +0.22V (mass-transport-controlled
region). The current and Pu(IV) concentration varied linearly with time on
a semilogarithmic plot, indicating that electrolysis had proceeded smoothly. |j
The rate constant for the electrolytic reduction obtained from the slopes ijj
of these plots was found to be in close agreement with a theoretical value I]
(calculated from an equation derived earlier). These experimental results ;5
also show that an earlier calculated "half-reduction time" of only 13 sec \?
for a conceptual process-size cell is at least of the right order of 1
magnitude. At such a reduction rate, electrolysis in a Purex process is -;
feas ible. f

iic

Another objective of these experiments was to demonstrate high current
efficiency. In one experiment, a product containing almost 90% Pu(III) was



I

12

prepared with a current efficiency of nearly 100%. This confirms that
unfavorable side reactions were virtually absent, since any such interference
usually becomes prominent when the concentration of product Pu(III) becomes
much greater than the concentration of the reactant, Pu(IV).

Also in this report period, the influence of the nitric acid concen-
tration on the limiting current was investigated. Nitric acid acts as a
supporting electrolyte that affects the migrational contribution to the
total current, In the range of 0.57-0.93M HNO3, the limiting current
remained constant and hence migrational current must have been insignificant
in this acidity range.
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I. LIQUID METAL DECLADDING OF REACTOR FUELS
(A. A. Jonke, W. E. Miller)

A. Engineering Developmsnt of Zinc Decladding

A head-end procedure is under development for short-cooled irradiated
LMFBR fuel assemblies (which consist of bundles of stainless steel tubes
containing mixed uranium-plutonium oxide pellets). The stainless steel
structural components in the fuel region of a fuel assembly are dissolved
along with any sodium present by immersion in a pool of molcen zinc (at
800°C) contained in a crucible. Overlying the zinc in this decladding
operation is a layer of molten salt that reacts with and traps fission-
product iodine liberated during decladding. When stainless steel dissolution
is complete, the zinc solvent containing the stainless steel is separated
from the oxide fuel and salt, thereby achieving decladding.

For the next step, more salt and a zinc-magnesium-calcium reduction
alloy are added to the fuel oxide. Upon agitation of the system at 850°C,
the fuel oxide is reduced to metal by the calcium, which is converted to
CaO. The CaO dissolves in the molten salt. The uranium-plutonium metal
dissolves in the reduction alloy, and the iodine liberated during reduction
is trapped in the molten salt. Next, the molten metal is separated from
the molten salt. The uranium-plutcnium is subsequently recovered from the
metal solvent (by a method described below), and additional fission-product
decontamination is effected by aqueouT solvent extraction performed downstream.
The molten salt is a process waste that may be treated for CaO removal
(as described below) and then recycled in order to reduce process waste
volume.

1. Product Recovery

A step in the pyrochemical head-end process is the separation of
uranium-plutonium product from the liquid-metal solvent. The uranium-
plutonium product of this isolation step must be suitable for subsequent
processing. Either a metallic product or compounds of uranium and plutonium
with elements such as oxygen or nitrogen are suitable for dissolution in
nitric acid, the first step in the aqueous solvent extraction process. Two
alternative methods of separating uranium-plutonium from the liquid-metal
solvent are under investigation—evaporation of solvent and precipitation.

a. Product Recovery by Evaporation of Solvent (W. E. Miller)

Design of a conceptual distillation unit for the recovery of
U-Pu from product solution (3230 kg of zinc-magnesium-uranium-plutonium
containing 330 kg of U-Pu) continues. Past studies have dealt with the
large heat load of the distillation unit (ANL-7931, p. 15). The present
study is concerned with criticality and entrainment problems.

Our past experience with liquid-metal distillation from pots
of Zn-Mg solvent containing uranium solute indicates that the distillation
rate must be limited to 1 g/(min)(in. )* or less to avoid undesired

Calculated from information given in Chemical Engineering Division Summary
Report, April, May, June 1963, ANL-6725, p. 25,, and in Retorting Unit for
Recovery of Uranium from Zinc-Magnesium Solutions, ANL-7503, J. F. Lenc
and W. E. Miller, pp. 18-23 (1969).
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entrainment of U-Pu. If this limit were exceeded, highly turbulent nucleate
boiling would take place, and entrained U-Pu would build up on the vapor
baffle, on the duct connecting the still pot and the condenser, and on the
condenser surfaces. This material could not be easily recovered.

The product solution from one day's processing of three fuel
assemblies (reference flowsheet, ANL-7871, p. 14) consists of 2600 kg Zn,
300 kg Mg, 295 kg U, and 35 kg Pu. If the distillation proper is conducted
in ̂ 8 hr and if the distillation rate is limited to 1 g/(min)(in.2) to mini-
mize entrainment, the interfacial area required between the liquid and gas
phases is about 5500 in. In a slab geometry, the size for the complete
batch would be 74- by 74- by 7-in. thick.

Continuous flow devices, i.e., feeding of a metal film over a
large surface area, have been considered (see ANL-7931, p. 15) as a means
of increasing the distillation rate per unit of interfacial area. This
scheme has been rejected because as solvent evaporates, solute uranium
precipitates, tending to plug up the liquid path and also making recovery
of the product difficult.

Criticality in plutonium-uranium processing was considered.
The solution being distilled is a four-component system (Zn-Mg-U-Pu) in
the temperature range 600-800°C. Because of the high solubility of plutonium
and the low solubility of uranium in Mg-rich zinc solutions, it appears
likely there will be a plutonium-rich liquid phase and a uranium-rich solid
phase at the end of distillation. Geometry control can be used for criticality
control if the plutonium density distribution in the slab does not exceed-*-
15 kg/ft2 above the bottom surface of the slab. Since a heterogeneous
product results from the distillation, it appears difficult to meet this
criterion for criticality safety. (A slab thickness of plutonium in the
product of greater than 0.324 in. would exceed the criterion.) Therefore,
it appears that only batch control will guarantee a critically safe condition.
A daily batch of product solution would have to be divided into 9 subbatches
for distillation. Solvent would be evaporated from each subbatch in a tray
25- by 25- by 7-in. thick.

b, Product Recovery from Solvent Metal by Precipitation (Uranium
Experiments) (J. Lenc, J. Stockbar)

A precipitation method for product recovery is presently under
investigation. The method consists of the conversion of U-Pu solute in
molten Zn-Mg to insoluble nitrides by reaction with nitrogen in the form
of a bed of calcium nitride (033^) particles. The fuel solute interchanges
with the calcium, which goes into solution. The 033^, contained in a
perforated basket, is immersed in the Zn-Mg-U-Pu solution. Stirring of the
product solution causes it to flow through the bed. Retention within the
basket of the U-Pu nitrides formed facilitates their recovery for further
processing.

During the past quarter, four experiments (SPR-9 through
SPR-12) were conducted to evaluate uranium recovery by the formation of
insoluble nitride. In these experiments, the first two steps were as
follows: (1) preparation of a Zn-10 wt % Mg solution containing 1 to 1.5
wt % uranium and (2) the formation of insoluble uranium nitride by reaction
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with Ca-j^ particles in a perforated tantalum basket immersed in the Zn-Mg-U
solution.

The procedure following step 2 in SPR-9 differed from that in
SPR-10 to -12. The amount of uranium nitride retained in the basket in
SPR-9 was determined by dissolving in acid the basket contents from step 2
and analyzing a sample of the resultant solution for uranium. After step 2
of SPR-10, -11, and -12, the material retained in the basket was retorted
at temperatures up to 925°C in a subsequent step (step 3) to distill off I
residual Zn, Mg, and Ca. The retorted product was then analyzed by X-ray
diffraction analysis to verify the presence of uranium nitride.

The experiments were conducted in a tilt-pour furnace maintained
at 15-psig argon pressure for steps 1 and 2 and at a pressure of less than
1 Torr for step 3. A Mo-30 wt % W agitator was used in steps 1 and 2. Its
two blades, located 1/2 in. above the crucible bottom, were pitched at a
45° angle pushing downward, had £ 2 1/2-in. dia, and were 3/4 in. high.

Preparation of about 10 kg of Zn-10 wt % Mg-1 to 1.5 wt % U
was accomplished by heating the charge to 800°C in a 5 1/2 in.-ID baffled
tungsten crucible. The uranium dissolved in the Zn-Mg solution during
agitation at 500 rpm for about 2 hr, and then the melt was tilt-poured into
a graphite mold and allowed to solidify. The resulting Zn-Mg-U ingot was
charged into a 5 1/2-in.-ID unbaffled tungsten crucible.

At the start of step 2, a perforated tantalum basket containing
a bed of Ca3N£ particles was suspended in the tilt-pour furnace above the
ingot. The tantalum basket used in these experiments was made of 0.020-in.-
thick material. Internal dimensions of the basket were 1 7/16 in. dia by
2 1/2 in. high. The basket had a total of 1,482 holes in its lateral
surface: 760 holes of 0.0625-in. dia and 722 holes of 0.052-in. dia. The
holes were drilled on a 0.125-in. square pattern with a. 0.0625-in.-dia hole
located at each of the four corners of the square and a 0.052-in.-dia hole
located in the center of the square. The percentage of open area of the
lateral surface of the basket was about 42%. In addition, about 90 holes
of 0.0625-in. dia were drilled in the bottom of the basket.

The ingot was melted by heating to a maximum temperature of
800°C. During heatup, the melt was agitated at 500 rpm for about 1 hr at
750 to 800°C with the agitator 1/2 in. above the crucible bottom. (However,
there was no agitation when filtered samples were being taken or during
two 16.5-hr overnight holds in SPR-9.) After filtered samples of the Zn-Mg-
U solution were obtained, the tantalum basket containing the 033^ particles
was immersed in the melt. (This contrasts with the contacting procedure
used in SPR-7, ANL-7931, p. 19, in which the Ca3N2 particles were not con-
tained in a basket.) The melt temperature was maintained at 800°C and
agitation was at 500 rpm.

In each experiment, filtered samples of the melt were obtained
at intervals after Ca^No addition. From analyses of these samples, the
weight of uranium in solution at various intervals after Ca3N£ addition was !
calculated for SPR-9 to -12 (Table 1-1). In addition, the weight of calcium f
dissolved in the Zn-Mg-U solution was calculated for SPR-10 to -12. After
the last sample was taken, the Zn-Mg-U alloy was tilt-poured into a graphite
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TABLE 1-1. Uranium and Calcium Contents of Zn-10 wt % Mg Solutions
at Intervals after Calcium Nitride Addition

Time
after

Addition,
hr

0

0.5

1.0

1.5

2.0

3.0

4.0

4.5

6.0

8.0

10.0

12.0

16.0

20.25

22.0

23.0

25.5

26.0

28.0

29.0

44.5

48.5

51.75

SPR-9
U

163

95

77

a

a

a

a

a

a

53

45

42

41

a

36

36

33

U

176

96

75

65

57

52

48

42

39

38

36

Weight

SPR-10
Ca

<0,l

38

38

38

38

39

38

38

38

39

39

in Solution, g

SPR-11
U

167

117

109

99

94

82

70

Ca

<0.3

35

39

38

41

41

43

SPR-12
U

107

69

56

41

36

26

16

Ca

0.3

45

46

48

46

47

47

Overnight hold without agitation.
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mold. (In a pyrochemical haad-end process, this alloy would be recycled
to the reduction step.)

In theb>; four experiments, the starting uranium concentration
in the Zn-Mg solution was 1 to 1.5 wt %, as compared with a uranium concen-
tration in an actual process of about 10 wt %. The low starting uranium
concentration was used to determine the reaction kinetics after removal
from solution of the bulk of the uranium. In SPR-9 through -11, the amount
of Ca3N£ used was less than that required for complete conversion of the
uranium charged to either uranium mononitride (UN) or uranium sesquinitride
(U2N3). A purpose of these experiments was to determine the degree of
conversion of the Ca3N2 bed to insoluble uranium nitride while excess
uranium was present. In SPR-12, the amount of nitrogen charged as Ca3N2

was in excess of the amount to form either UN or U2N3 from the uranium
charged. The objective of SPR-12 was to determine how completely the
uranium could be removed from solution as insoluble uranium nitride.

The Ca3N2 particles charged into the basket in SPR-9 to -12
were -8 +10 mesh (0.079 to 0.094 in.). In each of the runs, SPR-9, -10,
and -11, 47 g was charged; the height of the bed in the basket was 1 3/4 in.
and the void space above the particles was 3/4 in. high. In SPR-12, 57 g
of Ca3N2 particles was charged, the height of the bed was 2 1/8 in., and
the void space was 3/8 in. high.

Contacting of solid nitride with the melt in SPR-9 proceeded
for 51.75 hr and included two overnight holds and about 18 hr of agitation.
The 308 g of material remaining in the tantalum basket was then readily
dissolved in acid and analyzed for uranium. It contained 137 g of uranium,
and 33 g remained in solution at the end of the experiment. Thus 170 g of
uranium was accounted for compared to 163 g initially in solution, the
difference being due to experimental error.

The contacting step of SPR-10 consisted of continuous agitation
of the melt for 29 hr after Ca3N2 addition to eliminate the overnight hold
without agitation.

The weight of uranium in the Zn-Mg solution for SPR-10, -11,
and -12 has been plotted as a function of time after Ca^^ addition
(Figs. 1-1, -2, and -3). The right-hand ordinate of each graph shows the
percentage of nitrogen (charged as 033^) reacted if either UN or U2N3 was
formed exclusively. As shown in Fig. 1-1, 101 g of uranium had been removed
from solution 4 hr after the Ca3N2 addition. It is calculated that at this
point in the experiment, 67% of the available nitrogen had reacted if only
UN had been formed and 101% of the nitrogen had reacted if only U2N3 had
been formed. If U2N3 was the initial reaction product, the continuing
decrease in the amount of uranium solute during the remainder of the experi-
ment may have occurred by the following reaction:

U2N3<3> + U(Zn-10 wt % Mg)
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The material retained in the tantalum basket at the end of
this step weighed 347 g. This material was not dissolved in acid. Instead,
the basket contents were retorted in a third experimental step to permit the
uranium compound present after retorting to be identified. Retorting to
distill off residual Zn, Mg, and Ca was conducted at temperatures up to
925°C and <1 Torr. The retorted product (Fig. 1-4) weighed 151 g and
resembled physically the Ca3N2 particles originally charged into the basket.

Four samples of the retorted product from SPR-10 (two from the
center of the bed and two from the outer edge) were submitted for X-ray
diffraction analysis. In the four samples, only UN was identified as a
major phase. No minor phases were detected. Six samples of the retorted
product (three from the center of the bed and three from the outer edge)
were analyzed for uranium and nitrogen by wet chemical methods. The nitrogen-
to-uranium mole ratio in all six samples was very close to one and indicated
that 97.4 wt % of the product was UN, in agreement with the X-ray diffraction
analyses.

The remainder of the retorted product from SPR-10 was dissolved
in acid and analyzed for U, Zn, Mg, and Ca. This material contained 91.99
wt % U, 0.45 wt % Zn, 1.06 wt % Mg, and 0.40 wt % Ca. If the magnesium
was assumed to be present as Mg3N2, the magnesium nitride content of the
product was 1.47 wt %. The concentrations of UN, Mg-j^, Zn, and Ca account
for 99.73 wt % of the retorted product.

On the basis of the uranium analysis of the bulk of retorted
product from SPR-10, 139 g of uranium was retained in the tantalum basket.
This weight of uranium added to the 36 g of uranium remaining in solution
at the end of step 2 of the experiment (29 hr after Ca3N2 addition) accounts
for 175 g of uranium, or 99.4% of the 176 g of uranium initially in solution.

If the 47 g of Ca3N2 charged in SPR-10 and in SPR-11 reacted
completely, it was calculated that ^38 g of calcium would enter the Zn-Mg-U
solution. This quantity of dissolved calcium was detected in samples taken
early in each of these experiments (Table 1-1). However, the amounts of
uranium that had been removed from solution at the time these samples were
taken were significantly less than the amounts that would have been removed
by direct reaction of Ca-jN2 with uranium solute to form either UN or U2N3.
Apparently, the Ca3N2 does not react directly with the uranium solute, but
converts to an intermediate compound. This intermediate compound is believed
to be magnesium nitride (Mg3N2) formed by the following reaction:

Ca3N2(a) + 3Mg(2n_10 ̂  % M g ) + Mg3N2(s) + 3Ca(Zn_10 w t % M g )

The Mg3N2 then reacts with uranium solute to form either UN or U2N3 by one
of the two following reactions:

> 2UN(s) + 3Mg(Zn_ln ^ % M g ) (1)

3Mg3N2(s) + 4U(2n_1() w t % M g ) - 2U2N3(s) + 9Mg(Zn_10 ^ % M g ) (2)
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SPR-11 was similar to SPR-10, except that step 2 was terminated
4 1/2 hr after Ca3N2 addition. The purpose of the short contact time was
to determine whether any U2N3 could be detected in the insoluble uranium
nitride product. Figure 1-2 is a plot of the weight of uranium remaining
in solution during step 2 of SPR-11 as a function of time after Ca3N2
addition. At the end of this step of the experiment, 97 g of uranium had
been removed from the Zn-Mg-U solution. This value indicates that either
65% of the available nitrogen (charged as Ca-jN?) reacted to form UN or 97%
of the nitrogen reacted to form U2No.

The material retained in the tantalum basket after step 2 of
SPR-11 weighed 315 g. It was retorted in the same manner as the material
retained in the basket in SPR-10. The retorted product weighed 115 g and
had the same general characteristics as the retorted product from SPR-10.
X-ray diffraction analyses of two samples from the outer edge of the bed
of retorted particles from this experiment showed a major phase of UN
with no detectable minor phases. Similar analyses of two samples from the
center of the bed of retorted particles showed that UN was the major phase
in both samples. One sample contained no detectable minor phase, and Mg3N2
was present as a minor phase in the other sample. These results indicate
that the outer edge of the bed was completely converted to UN, but the
center of the bed still contained some nitrogen as Mg3N2 that had not
reacted with the uranium solute in the short (4 1/2-hr) contact time.
Detection of Mg3N2 in the center of the bed supports the theory that Ca3N2
does not react directly with uranium solute to form insoluble uranium
nitride, but is converted to the intermediate compound MgoN2.

A sample from the center and a sample from the outer edge of
the bed of retorted particles of SPR-11 were also analyzed for uranium
and nitrogen by wet chemical methods. The analyses indicate that the
nitrogen-to-uranium mole ratio was 1.14 at the center rf the bed and 1.10
at the outer edge of the bed. The results of the X-ray diffraction analyses
showed UN to be the major phase, but excess nitrogen in the two samples
(attributed to the presence of Mg3N2) was indicated by wet chemical analysis.
The higher nitrogen-to-uranium mole ratio at the center of the bed than
at the outer edge shows that the bed was more completely reacted at its
outer edge.

The remainder of the retorted product from SPR-11 was dissolved
in acid and analyzed for Us Zn, Mg, and Ca. The analyses showed that this
material contained 90.3 wt % U, 0.49 wt % Zn, 2.32 wt % Mg, and 0.53 wt % Ca.
If it is assumed that the uranium was present as UN and the magnesium as
Mg3N?, 99.84 wt % of the retorted product was accounted for (95.6 wt % UN,
3.22"wt % Mg3N2, 0.49 wt % Zn, and 0.53 wt % Ca). As in SPR-9 and -10,
approximately 100% of the uranium initially in solution was accounted for
as uranium retained in the basket and as uranium still in solution at the
end of step 2.

SPR-12 was similar to SPR-11 except that an excess of nitrogen
was charged as Ca3N2 in order to convert more of the uranium solute to
insoluble uranium nitride, The furnace pressure was maintained at 15 psig
argon. The weight of Ca3N2 particles charged was 57 g, about 13% in excess
of the amount required to react with all of the uranium solute to form U2N3
and about 42% in excess of that required to convert it to UN.
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Figure 1-3 is a plot of the weight of uranium remaining in
solution as a function of time after Ca3N2 addition in step 2 for SPR-12.
Comparison of this plot with Fig. 1-2 for SPR-11 (in which the Ca3N2 was
not present in excess) indicates that 4 hr after Ca3N2 addition, the uranium
solute concentration had been reduced to 0.26 wt % in SPR-12, compared with
0.73 wt % in SPR-11. Greater than 70% of the Ca3N2 was converted to uranium
nitride in this run.

The 57 g of Ca3N2 contained about 46 g of calcium. The first
sample taken after Ca-N2 addition contained essentially all of the calcium
in solution, although not all uranium solute had reacted to form insoluble
uranium nitride. This was similar to SPR-10 and -11. The early appearance
of calcium in the Zn-Mg-U solution is further evidence that an intermediate
compound is formed (formation of Mg3N2 is postulated).

The material retained in the tantalum basket after step 2 of
SPR-12 weighed 285 g. This material was retorted in the same manner as in
SPR-10 and -11. The retorted product weighed 101 g and had the same general
appearance as the retorted products from SPR-10 and -11. X-ray diffraction
analyses of two samples, one from the center of the bed of retorted particles
and one from the outer edge, showed only UN present as a major phase. No
minor phases were detected in the diffraction patterns.

The remainder of the retorted product from SPR-12 was dissolved
in acid. Analysis of a sample of the resulting solution indicated the
following composition; 89.8 wt % U, 0.88 wt % Zn, 1.70 wt % Mg, and 0.92
wt % Ca. If it is assumed that all uranium was present as UN and all
magnesium as MgoN2, the retorted product consisted of 95.09 wt % UN, 2.33
wt % Mg3N2, 0.88 wt % Zn, and 0.92 wt % Ca. These concentrations account
for 99.22 wt % of the retorted product.

Analyses of the bulk of the retorted product from SFR-12 showed
that 91 g of uranium was retained in the basket. Addition of this value
to the 16 g remaining in solution at the end of step 2 gives 107 g or 100%
of the uranium initially in solution.

Based on the results of the four experiments discussed above,
the following conclusions were drawn:

1. Ca3N2 particles contained in a tantalum basket immersed
in a Zn-10 wt % Mg-1 to 1.5 wt % U solution react with
the magnesium to form Mg3N2 particles that are retained
in the basket.

2. The Mg3N2 particles react with the uranium solute to
form insoluble U2N3 or UN particles, which are retained
in the basket with little particle disintegration.

3. After the material retained in the basket has been
retorted, it contains UN as uranium product.
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4. The weight of uranium retained in the basket plus
the weight of uranium remaining in the Zn-Mg-U
solution account for about 100% of the weight of
uranium in solution prior to 033^ addition.

5. Within an hour of immersion of the Ca3N2 bed,
essentially all of the calcium charged as Ca,^
is present in the Zn-Mg-U solution.

6. No major problems V7ere encountered in these
experiments.

c. Product Recovery from Solvent Metal by Precipitation
(Plutonium Experiments) (I. 0. Winsch, T. F. Cannon)

The work described above (section b) with Zn-10 wt % Mg-U
solutions had favorable results. The success of the experiment with uranium
alone led to experiment PuUPR-1 with plutonium also contained in the solution.
In this experiment, 54 g of Ca3N2 confined in a tantalum basket was submerged
in an agitated solution of Zn-10 wt % Mg-U-Pu by the same procedure as was
used for uranium solutions. The quantity of 033^ was 13% in excess of that
required to react with all plutonium (18.77 g) and uranium (80 g) in solution
to form nitrides. The experiment was carried out in 8 hr at a melt temperature
of 800°C and a mixing rate of 500 rpm. Samples of the melt were taken 1,
3, 5, and 8 hr after the Ca3No bed was immersed in the solution.

Preliminary analytical results (Fig. 1-5) show that in 8 hr,
the plutonium concentration in the melt (10.6 kg) decreased from 0.18 wt %
to 0.11 wt % and the uranium concentration decreased from 0.8 wt % to
<1 x 10~2 wt %. A total of 7 g of plutonium and 75 g of uranium was accounted
for as nitride in the tantalum basket at the end of step 2. The solid was
about 70% converted to uranium nitride and plutonium nitride at the end of
the experiment.

A preliminary conceptual study of the process has been conducted
of the application of the nitriding method to a plant-scale (380 kg UO^-PuOj
per day) head-end process. Results indicated that a final plutonium concen-
tration of 0.1 wt % in the solvent is satisfactory for process use since
the solvent will be recycled. This concentration was attained in experiment
PUUPK-1, and our studies will be continued. It may be possible to attain
an even lower final plutonium content in the solvent metal by means of minor
alterations in the process flowsheet.

2. Recycle of Reduction Salt (L. J. Anastasia, T. Cannon)

In both the decladding and reduction steps of the pyrochemical
head-end process, a liquid salt-phase cover layer serves the following
necessary functions:

1. It removes and retains radioactive iodine released from
the oxide fuel matrix. Any Znlo formed by reaction of
the iodine with zinc reacts with KC1 in the salt to
form KI. Potassium iodine, which has a low vapor pressure
at the salt temperature of 800°C, is in very low concentration
and is therefore retained in the salt.
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2. It decreases the amount of zinc volatilized from the
melt.

3. It wets and collects fine oxide fuel particles released
during decladding, thereby preventing their loss in the
zinc-stainless steel waste stream.

4. It promotes reduction of the oxide fu?1 by dissolving
the reductant (calcium), and the oxidized product (CaO). \
Dissolution of the calcium in the salt phase promotes j
good contacting and rapid reaction with the oxide feel \
during reduction.

After the decladding and reduction steps, the salt is essentially
a mixture of ̂ 27 mol % CaO in CaCl~ and is considered to be a process waste.
In the conceptual process flowsheet, about 60 ft^ of waste salt is generated
per metric ton of uranium and plutonium processed. Since the volume of
wastes from the process should be minimized, it is desirable to treat the
salt by reducing the CaO content to an acceptably low level so that some of
the salt can be recycled for reuse in the reduction step of the process.

A scheme for equilibrium phase separation of fused salt to recover
part of the salt is under consideration. This scheme (see Fig. 1-2, p. 21,
ANL-7931) is based on the equilibrium phase diagram for the system CaO-CaC^
(see Fig. 1-1, p. 21, ANL-7931). The first step of separation consists of
heating the salt above 835°C and equilibrating to produce (1) a solid phase
rich in CaO (which becomes a process waste) and (2) a liquid phase containing
^20 mol % CaO. In the second step, the liquid phase is equilibrated at
^750°C and a solid phase of CaO*2CaCl2 is separated from the eutectic liquid
phase, which contains 6.5 mol % CaO in CaClo> The liquid can be recycled to
the reduction step of the pyrochemical head-end process. The solid phase
(CaO*2CaCl2) is blended with spent reduction salt and is returned to the
first separation step for further recovery of CaCl^. Laboratory experiments
suggest that by use of this separation scheme, the volume of waste salt can
be reduced by a factor of 3 to 4.

Initial laboratory experiments (pp. 20-22, ANL-7931) indicated that
the CaO-rich phase obtained in the first equilibration step can be separated
by gravitational settling at 900°C in 5 hr of settling time. This procedure
was unsatisfactory for the separation of liquid eutectic from solid Ca0-CaCl~
in the second step. Consequently, salt-filtration equipment was constructed
to provide a more positive driving force for separation in the second separation
step. Filtration of the salt is an attractive approach since in case of a
filter plug, the solid filter cake can be decomposed and removed from the
filter simply by raising the filter temperature above 835°C.

A filtering apparatus was built consisting of a tube on one end of
which was installed a sintered filter of Type 303 stainless steel; the total
filter area was 7.5 in. and the me?", pore size was 65 ym. This filtering
apparatus had a useful volume of 49.5 in.3 A salt mixture of 17 mol % CaO
in Cad.2 was prepared in a 6-in.-dia stainless steel beaker. The salts
were thoroughly liquefied and mixed by heating in an argon atmosphere for
5 hr at 900°C with agitation at 250 rpm. After agitation and mixing, an
attempt was made to push the filtering apparatus, filter end down, through
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the salt at 800°C. At this temperature, the melt was too viscous and the
filter could not be pushed through the salt surface.

Subsequently, the melt temperature was raised to 830°C to produce
a less viscous slurry. At this temperature, the filter tube could be lowered
into the salt melt and positioned 0.5 in. above the bottom of the beaker.

The salt was then equilibrated at 76O°C. At this temperature, the
fluidity of the salt is low. As a result, in the initial attempt to filter
the salt, only the liquid portion of the salt immediately adjacent to the
filter flowed through the filter. Raising the melt temperature briefly to
780°C produced a less viscous fluid that flowed more readily into the filter
tube. The temperature was then lowered to 77O°C and held for 3 hr; filtration
was complete in 2 hr.

Theoretically, by complete separation of the solid phase from the
liquid phase at 770°C in the second step, 1583 g of a liquid phase containing
9.5 mol % CaO in CaCl2 should have been obtained, with a remaining solid
phase of 33.3 mol % CaO. All the liquid could not be separated from the solid-
liquid mixture because of low fluidity of the salt. In the actual filtration,
531 g of liquid phase containing 8.5 mol % CaO was filtered from the salt
melt. This was only 33.5 wt % of the expected quantity of liquid phase, and
the CaO content was lower than that predicted for equilibration at 77O°C.
The lower CaO content of the filtered liquid may result from the long
equilibration time at 760°C (at 760°C, 8.0 mol % CaO is in the liquid phase
at equilibrium) and suggests that a programmed-temperature scheme might be
used to increase the quantity of liquid salt filtered while maintaining the
CaO content at a relatively low level.

Results of the current experiment show that a liquid phase close
to the predicted compos-tion can be separated from a CaO-CaC^ salt mix by
filtration through a sintered-metal filter. Filtration of the salt at 77O°C
yielded a liquid phase containing 8.5 mol % CaO, which is close to the
composition of the eutectic liquid phase at 75O°C, 6.5 mol % CaO. CaO
separation from a binary salt that simulated process waste salt has been
demonstrated by means of fused-salt equilibration and phase separation in
these laboratory tests.

3. Process Component Development—Crucibles (I. 0. Winsch, J. Kincinas)

Lsrge crucibles, of the order of 3 ft dia by 6 ft high, are required
for pyrochemical processing of LMFBR fuels. A tungsten crucible fabricator
(Metalwerk Plansee) has indicated that the largest-diameter tungsten crucible
that could be fabricated by shear forming would have a diameter of about
24 in. Fabrication of a crucible of this diameter and 6 ft high would
necessitate riveting numerous cylinders together and plasma-spraying the
joints with tungsten.

Vapor deposition of tungsten on 5 l/2-in.-dia, 12-in.-high graphite
crucibles has been investigated and tested with satisfactory results. These
small crucibles were fabricated by Ultramet. At present, no block of graphite
(of the type suitable for tungsten vapor deposition) large enough to fabricate
a crucible 3 ft in dia and 6 ft high is available. Tungsten vapor deposition
on crucibles of this size would be feasible.
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Norton Company has the capability of fabricating SiC bodies of the
required diameter. Accordingly, a test SiC crucible (5 7/8-in. dia and
14 in. high) with a vapor-deposited tungsten coating of 0.015-in. thickness
has been ordered from Ultramet for test purposes.

Two graphite crucibles (3-in. dia by 4 in. high) coated with NbC
by the vapor-deposition technique were received from Los Alamos Laboratory.
(These crucibles have the capability of containing molten U-Pu alloys at
1500°C.) The crucibles were corrosion-tested for compatibility with the
salt-metal alloy systems used in the liquid-zinc head-end process. After
17.5-hr contact time in zinc at 800°C for one crucible, no attack on the
NbC coating by the zinc was apparent. Subsequently, the second crucible
was submerged and rotated (150 rpm) in a CaCl2/Zn-10 wt % Ca-14 wt % Mg
system for 24 hr. The crucible was examined after this period, and the
graphite was found to have been attacked by the melt, which contained flakes
of the NbC. The corrosion experienced in this test was due to salt pene-
trating the NbC and attacking the graphite. The graphite deteriorated, and
the NbC coating flaked off into the melt.

Future tests are planned using TZM test specimens on which tungsten
vapor is deposited. (TZM is a weldable molybdenum alloy and can be used to
make large crucible shells for the tungsten vapor-deposition process.)
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II. CONTINUOUS CONVERSION OF U/Pu NITRATES TO OXIDES
(N. M. Levitz, D. E. Grosvenor, F. G. Teats, N. Quattropani)

A continuous fluidized-bed process is under investigation for converting
U/Pu nitrate in nitric acid solutions to mixed oxide powders suitable for
the fabrication of fuel shapes (pellets). The process includes two steps—
(1) codenitration, which produces granular UO3~PuO2» and (2) reduction of
UO3-PUO2 with hydrogen to form UO2-PuO2 powder. An integrated laboratory
and pilot-scale program is in progress, with the denitration step currently
receiving major attention. Studies are being conducted in a pilot plant
(described in ANL-7735, p. 54) housed in a single 3- by 4-module glovebox
approximately 14 ft long, 10.5 ft high, and 3.5 ft: deep. Denitration is
performed in a 4-in.-dia fluidized-bed denitrator,, The process appears
applicable over the entire concentration range of U/Pu materials and for
plutonium alone.

In initial denitration studies (ANL-7931, p. 26) with U/Pu feed solutions,
particle growth was excessive under the operating conditions selected. The
preferred average particle diameter is between 200 and 400 ym, which is fine
enough to fluidize at gas velocities of 0.6 to 1.4 ft/sec. With such flows,
the pressure in this reactor and the pressure drop across the filters are
within a satisfactory operating range. In an effort to avoid particle growth,
in situ grinding during denitration was tested, using a jet-attrition device
mounted in the cone bottom of the column. The jet grinder was found to be
effective for reduction of particle size in initial work, and it was further
evaluated during this report period in three additional denitration runs.
In addition, work was continued on dissolution of the mixed oxide product;
also, the UO3-PUO2 product was examined for homogeneity.

1. Fluidized-Bed Denitration

Three denitration runs (U-19-Pu, U-20-Pu, and U-21-Pu) were made
aimed at completing the displacement of the original UO^ bed with UOg-PuO2
and achieving stead}7 state with respect to product composition. Current
work is with ^2.5% plutonium oxide-uranium oxide, which is in the range of
interest for plutonium recycle fuel. Since the present pilot plant has a
feed makeup system with a limited capacity (about 50 liters, maximum), runs
were relatively short, ̂ 10-15 hr, and several runs in series have been
necessary to provide the number of bed displacements needed to achieve
steady-state composition.

A fresh batch of feed was prepared for each run by dissolving the
UOo-PuO, product from the previous run. The feed composition has been
fairly uniform, about 1.65M uranium, 0.04 to 0.0511 plutonium, and 2.5M HNO3.
Work on the dissolution procedure is discussed in subsection b below.

The starting bed comprised the bulk of the final bed from the
previous run; in each case, about 8300 g of powder was charged. The bed
temperature was the same for all runs, 375°C. The average feed rates for
the three runs were 42, 43, and 60 ml/min. The fluidizing-gas velocity
(based only on inlet air) was ^1.4 ft/sec for the first two runs and about
2.4 ft/sec for the third run; the higher velocity was used partly because
the starting bed was somewhat more coarse. Respective run durations were
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13, 12.5, and 10 hr. A total of about 46 kg of UO3~2.5% PuO2 powder was
produced (i.e., about 5.5 bed equivalents).

a. Performance of Jet Grinder

Because particle growth was experienced in earlier fluidized-
bed denitration experiments, a jet grinder mounted in the cone bottom of the
column was used almost continuously during denitration for particle size
control. The grinder consists of a nozzle with a 0.040-in. orifice that
directs high-pressure (^90-psig) air at a fixed target plate 1 in. from the
nozzle and normal to the air jet. The air jet accelerates bed particles so
that they strike the target plate and fracture or undergo attrition.

In general, the progress of the runs was smooth, as indicated
by uniformity of bed temperatures, feed rate, and product flow. Fluctuations
in pressure occurred as a result of buildup or depletion of fines, which
was largely a function of the effectiveness of the jet grinder. Since the
runs were relatively short, it was planned to keep the conditions for the
jet grinder fixed throughout the run to help in the evaluation of grinder
performance. Jet-grinder performance was monitored by hourly sieve analysis
of grab product sample^. Data (expressed as average particle size) are
plotted in Fig. II-l. Different results were obtained in the three runs.
A relatively uniform size was maintained in the first run (Run U-19-Pu),
using ^.5 cfm air at 95 psig; the average particle size remained in the
range 270 to 380 ym. In the next run (Run U-20-Pu), the average particle
size increased frou 320 ycm to 510 ym; this was attributed to the nozzle
having become at least partially blocked during startup. In the third run
(U-21-Pu), the average particle size decreased from ̂ 400 ym to ̂ 150 ym; the
grinding rate was in excess of the growth rate, apparently because of a high
jet air rate. Results indicate the jet grinder is effective, but the
technique needs additional refinement.

The effect on particle size of the high feed rate in Run U-21-Pu
cannot be isolated at this time. However, it is expected that information
on the effects of selected variables will be obtained as experimentation
proceeds.

Some effort was made in these runs to retain fines in the fluid
bed to act as seed particles and, hopefully, stabilize particle-size distri-
bution. Fines in the product stream were "distilled" by a relatively high
countercurrent air purge and were returned to the reactor as the product
flowed via the overflow line to the product receiver. With one exception,
fines (-200 mesh) were generally not found in the bulk product stream during
the runs, as determined by hourly sieving tests. The exception was the
latter half of Run U-21-Pu when the overall inventory of fines apparently
increased significantly. Within the reactor the fines residence time in
the bed was short. The fines were largely elutriated from the bed by the
fluidizing gas and deposited on the overhead sintered metal filters; this
deposition was indicated by the filter differential-pressure recorders.
Filter Ap ranged from 2 to 3 psi. As each filter was blown back (at 20-min
intervals) , a fraction of the material on the filters was returned to the
bed as indicated by the bed Ap recorder. This provided an opportunity for
some of these particles to serve as seed material. The fines inventory
within the column was also monitored, in a crude manner, by bed and filter Ap
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observations. For example, in Run U-19-Pu, pressures remained fairly uniform
after the eighth hour; analysis of the final bed showed the fines inventory
to be about 700 g. This amount of fines presented no problem with respect
to pressure buildup on the filters.

A preliminary evaluation of the denitration experience with U/Pu
feed solutions shows that considerable flexibility has been achieved with
respect to fluid-bed operation. The unit performed well at feed rates of
40 and 60 ml/min; the latter rate corresponds to about 35 lb (U + Pu)/(hr)
(ft2). Maximum throughput capability is not yet determined. Although more
experience is needed with the jet grinder, in situ grinding works well at
rates sufficient to offset particle growth. An on-line device for continuous
particle-size analysis would be highly desirable since this would allow jet
grinder operation to be programmed.

b. Dissolution of UO--PuO2 in Nitric Acid

In the pilot plant, the UO3-PUO2 powder product is redissolved
to prepare fresh feed solutions, thereby recycling the plutonium and mini-
mizing plutonium inventory requirements for the experimental program.
Because of difficulties in effecting complete dissolution of PuO2 in the
pilot-plant dissolver, several small-scale dissolution experiments were
performed in a 3-in.-dia beaker in an effort to assess the nature of the
problem.

Earlier laboratory results had indicated that the PuC>2 residue,
which remained after the UO3 fraction was dissolved in dilute nitric acid,
could be dissolved in concentrated nitric acid, yielding a solution contain-
ing up to about 77 mg/ml of plutonium. These results had also indicated
that 12M nitric acid is less effective in dissolving PuO2 than is 16M acid.

The current laboratory-scale experiments were carried out on
a PuO2 residue from a pilot-plant strike with concentrated nitric acid.
The residue consisted of ̂ 25 g of PuO2, possibly a small amount of UO3, and
a residual amount of relatively concentrated nitric acid. A volume of
concentrated (15.5M) nitric acid approximately equal in volume to that of
the sample was added to give a total volume of 220 ml. The mixture was
stirred with a magnetic stirrer and maintained at ^95°C. Samples of the
slurry were taken after 1, 3, 5, 7, and 10 hr of stirring. After the
residue in a sample settled, a 1-ml sample of the supernatant was taken for
analysis. The. plutonium content of the supernatant was determined by
measuring the plutonium gamma activity with a Ge(Li) detector system. The
analytical results are plotted in Fig. II-2. After 7 hry the plutonium
concentration leveled off at about 80 mg/ml; the acid concentration of the
final solution was 13.1M. The solution was decanted, and fresh concentrated
nitric acid was added to the residue (to a total volume of 220 ml); the
dissolution reaction was continued for am additional 10 hr. The final
plutonium concentration after the second dissolution was ^33 mg/ml.

When the second dissolution was completed, little residue
remained, Also, it no longer resembled the original material. The final
residue was gray, had a metallic luster, and settled much more readily than
PuO2> A sample of this material analyzed by a spectrochemical method shows
the presence of tin and titanium, but the source of these elements is not
known.
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The lower plutonium dissolution rates obtained during the
second dissolution may be due to the reduced plutonium inventory. Dissolv-
ability may also be a function of denitration history (e.g., residence time
at a given temperature in the fluidized bed) or particle size. Overall
results indicated that the pilot-plant PuC^ residues can be dissolved in
concentrated nitric acid.

These laboratory-scale results were not duplicated in subsequent
pilot-plant dissolution tests; the highest plutonium concentration achieved
in the pilot-plant dissolution was about 40 mg/ml, about half the best value
noted above. A test is planned to establish whether the poorer dissolutions
in the pilot-plant dissolver are a result of air mixing being used instead
of mechanical mixing (which is used in the small-scale tests).

c. Electron-Microprobe and Autoradiographic Examination of UO^-PUOQ
Product

To demonstrate the presence or absence of UO, cores and the
general homogeneity of particles, a number of particles from each of the
recent pilot-plant runs were examined with the electron microprobe and by
an autoradiographic technique. The method of preparing samples was described
in ANL-7931. Results show that the initial U0~ material has been essentially
displaced; for example, autoradiographic analysis of about 150 particles
from Run U-21-Pu showed only one particle with a UO-j core (evidenced by a
depressed region at the center of the plutonium trace). Typical data from
electron microprobe scans of single particles with a defocussed beam are
shown in Figs. II-3 and I1-4.

The traces for a particle with no U0- core (Fig. 11-3) are
relatively uniform for both the uranium and plutonium scans (which are done
simultaneously). Furthermore, the uniformity of the traces indicates the
high degree of homogeneity with respect to PuC^ distribution in the bulk
UO^ matrix. Single-spot analyses with a 1.0-ym-dia beam showed neither
uranium-only nor plutoniuia-only spots; this confirmed the homogeneity of
plutonium distribution in the IKK matrix. Photomicrographs show that
particle growth occurred by the development of onionskin-like layers.
Farticles from earlier runs that have a U0, core show a depressed region in
the middle of the plutonium scan (as may be seen in Fig. 11-4) and a uniform
UO0-PUO2 outer layer.

The current product is considered uniform, and plans for reduction
of this material are proceeding.
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FIG. II-3. Electron Microprobe Scan of a UO3~PuO2 Particle
from Denitration Run U-20-Pu



FIG. II-4. Electron Microprobe Scan of a UOg-PuO, Particle
with a UO3 Core from Denitration Run U-20-Pu
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i ', III. IN-LINE ANALYSIS IN FUEL FABRICATION
!- (J. G. Schnizlein, T. Gerding, and M. J. Steindler)

f Adequately rapid, precise, and accurate in-line analytical methods are
I: ; expected to significantly reduce fabrication costs of LMFBR fuels and improve
{ : the economic competitiveness of LMFBR reactors. Steps in the preparation of

UO2-PUO2 pellets for LMFBRs will include mixing-blending of powder, pre-
slugging, forming of green pellets (whose density is 45-80% of theoretical
density), and sintering of pellets.

;• The initial criteria for evaluating the analytical requirements and
the. associated precisions of preirradiated fuel properties were the
specifications for the Fast Fuel Test Facility (FFTF) project. The desired
relative standard deviation (RSD) in the analysis of solid oxide for plutonium
is +0.5% at the 95% confidence level (ANL-7735, p. 59). As more irradiation
tests are evaluated, improved criteria can be considered.

:- A. Plutonium/Uranium Ratio in Fuels

An X-ray fluorescence (XRF) analytical procedure is being developed
for determining Pu/U ratios in UC^-PuC^ fuel materials during fabrication.
In the initial stages of this investigation, samples of ThQ2~U02 have been

f used as stand-ins for UO«-PuO«. Application of the XRF method to an early
step of the process will yield the greatest economic advantage because of
the high cost of reprocessing reject material. That is, the adjustment of

: the composition of material having an off-specification plutonium content
! can be done relatively easily if powders or preslugged material (granulation

step) can be analyzed with sufficient accuracy to insure that the composition
of sintered pellets is controlled and reproducible. However, if the XRF
method must be applied to green or sintered pellets, it may be necessary
to recycle off-specification material to a process sequence that begins with
acid dissolution.

In earlier work (ANL-7841, pp. 31-36), instrumental and inherent
: limitations of the XRF method were demonstrated to be adequately low for

che measurement of uranium and thorium in pellets and in thoria-30 wt %
urania powder. The relative standard deviation due to the XRF method was
less than 0.5%. However, due to sampling uncertainties, the relative

~ precision achievable may be as high as 1.8% for pellets and 3% for powder.

; This report provides data showing (1) that for solid solution material,
: the X-ray signal fraction, Iy/(Iy + If^), is independent of particle-size

distribution and particle shape in addition to previously reported indepen-
dence of particle size and (2) that the effect of density is about 0.2% (RSD)

; per percent of theoretical density. Also defined are the limitations imposed
- on precision by material properties when the composition of loose powder,

green pellets, and sintered pellets is measured.

\ 1. Mixed ThO2-UO2 Powder

Early experimental results (ANL-7871) demonstrated that the
variability between samples of mixtures of ThO2~30 wt % U02 powder is ̂ 3%.
This 3% variability has been largely attributed to mixing and sampling errors

\ and to the unusual particle-size distribution of the thoria used.
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During this report period, a powder mixture of 25.8% U02 and ThO,
(Lindsay Chemical) was studied for which both UO2 and ThC^ had log-normal
particle-size distributions and a mean size of ̂ 11 ym. The XRF signal
fraction for three samples of this material was 0.2521 + 0.0004 (RSD of
0.25%), which compares favorably with the signal fraction of 0.2484 + 0.0019
(RSD of 0.8%) for a slug (green pellets) made of the same material. These
signal fraction values are midway between the signal fraction observed for
solid-solution material and the signal fraction expected by interpolation
of data from IH^-ThO, mixtures prepared from thoria (SFM)* having a mean
diameter less than 5 pm (ANL-7871, pp. 30-36). From these data, it is
concluded that the low signal fraction measured previously for loose powder
prepared from SPM thoria can be attributed to the exaggerated heterogeneity
effects resulting from the small particle size of this ThC^. In addition,
as is shown in Section D below, the signal fraction for loose powder of
normal particle-size distribution lies on the curve of composition versus
signal fraction for slugs (green pellets) formed from loose powder of unusual
distribution.

2. Solid-Solution

It was reported previously that the signal fraction from solid-
solution ThOo-UO^ microspheres is independent of particle size (ANL-7931,
pp. 30-31). Additional experiments, the results of which are given below,
have been performed in which the relative uranium and thorium count rates
were determined for solid-solution microspheres of narrow particle-size
distributions, for -325 mesh solid-solution microspheres of relatively large
particle-size distribution, and for -325 mesh irregularly shaped solid-
solution particles.

Figure III-l shows that the relative intensities of both thorium
and uranium varied considerably for different particle sizes, particle-size
distributions, and particle shapes. As illustrated in Fig. III-2, chemical
analyses (middle data) of individual samples varied similarly to signal
fractions (upper data). The ratios of signal fractions to chemical analysis
fractions were calculated to allow compositional effect to be normalized.
This ratio had a value of 1.088 + 0.006 (0.6%) (lower data), and was nearly
constant for all particle sizes and particle-size distributions and for
microspheres and ground material. The following report section on density
shows the small variability of the ratio (0.006) to be attributable to
variations in bulk density since the density of naturally packed microspheres
is 54 to 59% of TD.

These data show that when compositional differences are considered,
the signal fraction for microspheres is independent of particle-size distri-
bution and is the same as the signal fraction for -325 mesh powder obtained
by grinding and sieving 200-230 mesh solid-solution microspheres. In addition,
the signal fractions for these materials agree excellently with a correlation
of signal fraction with composition for sintered pellets (Section D).

The RSD of the signal fractions are smaller than the RSDs of the
individual relative intensities (Table III-l), indicating association of
uranium and thorium counts in solid-solution material. This association
and the low RSDs of the signal fractions markedly improve the precision
available by XRF analysis.

designated "SPM thoriaI(
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Table III-l. XRF of ThO2-UO2 Solid-Solution Microspheres

Sample

10-20ym dia

20-30jJin dia

37-44ym dia

-325 mesh

-325 mesh
irreg.d

Bulk
Density,
% of TD

55.3

57.0

59.3

55.5

54.3

Relative Th
Intensitya

(RSD)

0.6055
(2.1%)

0.5788
(1.1%)

0.5452
(2.3%)

0.5556

0.6565

Relative U
Intensity

(RSD)

0.2281
(2.0%)

0.2145
(1.2%)

0.2036
(2.1%)

0.2019

0.2461

Signal Fraction0

(RSD)

0.2842 + 0.0007
(0.25%)

0.2809 ± 0.0002
(0.07%)

0.2823 ± 0.0004
(0.14%)

0.2777

0.2839

Chemical
Analysis
Fraction

0.2612

0.2574

0.2574

0.2573

0.2612

avg:

Ratio,
signal
analysis

1.088

1-091

1,097

1.079

1.087

1.088 ± 0.0065 (0.6%)

metal*
V ^ metal*

cSignal Fraction = Iu/(ITh + I\j)• Values in parentheses are relative standard deviations (RSD)
"-325 mesh fraction frotn'ground -200 +230 mesh microsphere stock.
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3. Effect of Tensity and Composition of ThO^-UOp on Ratio of Signal
Fra> on to Chemical Analysis Fraction

T investigate the effect of density on signal fraction, the signal
fractions i.ave been calculated from previously reported data (ANL-7871,
pp. 31-36). These data were obtained by XRF analysis of loose powder (̂ 30%
i: TD), slugs (green pellets, ̂ 65% of TD) , and sintered pellets (̂ 90% of TD)

of three different ThO2-UO2 compositions, 10, 20, and 30% U02. Figure III-3
shows that for each composition, signal fraction increased with increasing
density. This is in contrast to the previously reported decrease of the
^ant rate ratio, I^/Iy. with increasing density (ANL-7871, p. 34). (The

densities, signal fractions, and ratios of signal fraction to chemical
analysis fraction for all materials are presented in Table III-2.) When
these data are normalized for compositional differences by calculating the
ratio of signal fraction to chemical analysis fraction (Fig. III-4) , two
relationships to density are obtained, one for sintered pellets and solid-
solution microspheres (Table III-l) and the other for powder and slugs
(green pellets). The data for ThO2~20% U02 and ThO2-30% U02 agree excellently;
the data for ThO2~10% U02 show the same relationship, but are displaced to
higher values of the ratio. The slopes of the curves in both Figs. III-3 and
III-4 indicate a 0.18% change in the ratio, signal fraction per percent
change in theoretical density. Hence, if the specification, +2% of TD, is
met in the production of oxide fuel, the variability of the signal fraction
will be equivalent to a variation of +0.36% in oxide analysis.

Because the specification for plutonium content of a batch or a lot
of pellets has recently become less rigorous, it is unlikely that determi-
nation of the density of individual sintered pellets used for XRF analysis
will be required for correction of plutonium analysis. However, in the
absence of a specification for the density of green pellets, slugged material,
or powder, a density correction of the signal fraction will probably be
necessary, since significant variability of density is expected for these
forms of oxide.

4. Relationship of Compositions to Signal Fraction for ThO^-UOg

Regression analyses (least squares fits) have been performed to
determine the relationship of composition to signal fraction for data from
three forms of material—loose powder (containing SPM thoria), green pellets,
and sintered pellets. Differences in intercepts and slopes provide information
about (1) the need for standards and (2) the precision of composition deduced
from the signal fraction. Individual curves in Fig. III-5 show three relation-
ships: (1) solid-solution powder and sintered pellets have the same relation-
ship of signal fraction to composition, (2) different compositions of loose
powder containing SPM TI1O2 of small particle size have the same relationship,
and (3) slugs (green pellets) made from SPM ThO2 and from Lindsay ThO2 (having
a normal distribution of particle size) have the same relationship.

The values of the intercepts and slopes of each regression fit are
presented in Table III-3. The good fit of points to linear relationships
provides confidence that the precision of XRF analysis will meet the
specification for plutonium analysis. The slopes are 112.6 for loose powder,
101.6 for slugs, and 95.9 for sintered pellets. Two intercepts are 0.52 for
loose powder and -0.85 for sintered pellets. The intercept for green pellets
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TABLE III-2. Densities, Signal Fractions,
Chemical Analysis Fractions for ThO2-UO2

Bulk
Density
% of TD

23.9
29.8
67.0
89.9

21.5
24,3
28.2
28.8
67.4
88.0

20.4
21.0
24.2
26.5
27.0
66.6
93.4

55.3
57.0
59.3
55.5
54.3

, Signal
Fraction

0.295
0.297
0.318
0.346

0.198
0.198
0.200
0.197
0.213
0.318

0.104
0.102
0.104
0.106
0.105
0.115
0.125

0.284
0.281
0.282
3.278
0.284

aMicrospheres.
^Ground microsphares.

Chem Analysis
Fraction UO2

0.3025

0.2026

0.1018

Solid Solution

0.2612 10-20
0.2574 20-30
0.2574 37-40
0.2573 -325a

0.2612 -325b

Ratio,
Signal Fraction

Chem Analysis Fraction

0.975
0.982
1.051
1.144

0.977
0.977
0.987
0.972
1.051
1.160

0.992
0.972
0.992
1.012
1.002
1.090
1.198

1.088
1.091
1.097
1.079
1.087

has such a large uncertainty that the intercept may include zero; if the
curve for green pellets passes through the origin, only one standard would
be required. For loose powder and sintered pellets, two standards would be
required. The relative standard deviations of observed points from the
calculated curves are <0.5% for sintered pellets, 0.6% for green pellets,
and 1.8% for loose powder for the entire composition range. The use of
standards close to the desired composition should further minimize the error.

Note also that the point in Fig. III-5 representing the signal
fraction for loose powder composed of Lindsay ThO2 and UO2 having similar
particle-size distributions falls on the same line as slugs (green pellets)
formed from the same powder or slugs formed from powder with small-particle-
size SPM ThO2. This agreement may permit the number of standards to be
reduced since oxide-fuel materials are expected to be of similar size and
distribution.
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TABLE III-3. Coefficients of Fit of Signal Fraction and Chemical Analysis
Composition8 = A + B«(Signal Fraction)

Relative Standard
Deviation from Calc.

Intercept, Ab Slope, Bb Curve, %

Loose Powder
SPM Thoria 0.52 ± 0.20 112.6 ± 3.0 1.8
3 Samples Each
of 5 Compositions

Green Pellets
5 Pellets Each 0.57 ± 0.77 101.6 ± 3.0 0.59
3 Compositions
(25-30%)

Sintered Pellets
4 Pellets Each" -0.853 ± O.t)8 95.9 ± 0.35 0.47
of 3 Compositions

aWeight % U02 in U02-Th02
Error figures are ±a

No corrections for density were made in these data. Because the
density of each form of material varied by about 5%, such corrections would
make the RSD smaller. The RSD values for the Th^-UO^ materials are suffi-
ciently low so that it can be expected that the RSDs for plutonia-containing
pellets will be low enough to satisfy the specifications. Partial association
of uranium and thorium count rates was observed for re-pressed pellets con-
taining 25.8% U02. (The RSD for the signal fraction was 0,12%; the RSD for
the count rates was 1.0%.) This is additional evidence that the preslugging
(granrJLation) step in the process will minimize the heterogeneity effects of
particle size and particle size distribution in green pellets of plutonia-
conts.ining material,

5, Conclusions—ThO,,-UCv.

The study of powder mixtures and pellets of ThC^-UC^ (as a stand-
in for U02-Pu02) has been completed. The relative precision achievable by
X-ray fluorescence for loose ThO^-UO^ powder was limited to about 3% as a
result of sampling errors and heterogeneity effects. The heterogeneity
effects of particle size and particle-size distribution were minimized by
compacting to slugs of about 60% of TD, for which precision was about 0.6%.
Indications of association of uranium and thorium count rates by re-pressing
suggests that the granulation (preslugging) step in the process will further
improve the precision for green pellets that contain plutonia. The precision
for sintered pellets and solid-solution material was 0.5%, indicating that the
method is adequately precise for analysis of plutonium content of sintered
pellets. Although it is expected that fabrication procedures will adequately
control the density, if there is a large enough variability of density to
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become a limitation corrections for the density effect (0.2% per percent of
TD) may allow further improvement of the precision.

6. Plutonia-Containing Materials

Plutonia-containing pellets have been prepared for this program by
the FFTF demonstration process at Westinghouse-Hanford. Both green and
sintered pellets were prepared having the compositions, UO2-2O wt % PuC^,
UO2-25 wt % PuO2, and U02~30 wt % PuO2- The materials were made by the same
process as was used to prepare standards for an analytical round-robin in
qualifying vendors. The variability between pellets is expected to be small
enough so that the chemical analysis of each batch can be considered
representative of the composition of individual pellets. If variation of
the XRF signal fraction between pellets of nominally the same composition is
large (as proved by an analysis of variance), a chemical analysis will be
performed on all pellets of this set to ensure compositional consistency.

The relationship between signal fraction and composition will be
determined by regression analysis to determine 95% confidence limits.
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| IV. ADAPTATION OF CENTRIFUGAL CONTACTORS IN LMFBR FUEL PROCESSING
(G. J. Bernstein, N. Quattropani)

[. Development and testing of the experimental long-rotor centrifugal
contactor continues. The unit has a 4-in.-ID rotor with a 12-in.-long
settling zone and a 15-in. overall length. The ANL contactor is unique in
that the settling length-to-diameter (L/D) ratio is 3, whereas in other

\ contactors of similar type the L/D ratio is about 1.4. The contactor is
: being evaluated to determine its suitability for use in Purex-type solvent

extraction processing of LMFBR fuel having high plutonium concentrations.
; Criticality hazards caused by high plutonium concentrations in the process

streams will be controlled in the ANL design by limiting the diameter of
the contactor to a geometrically favorable dimension. Expected advantages

s of centrifugal contactors are (1) reduced radiation damage to the solvent
as a result of brief residence time in the contactor and (2) improved ease

; of operation (including rapid flushout at the end of a processing campaign).

The ANL contactor was built to permit operation in two different mixing
1 i modes: (1) the basic Savannah River (SR) mode in which the process streams
~'-\: are mixed in a mixing chamber at the bottom of the contactor by a paddle
li ; attached to the extended shaft of the rotor (ANL-7931, Fig. IV-1), and (2)
I the annular mode in which the process streams are mixed by skin friction as
'\i r they flow within the annular space between the spinning rotor and stationary
]' ; casing (Fig. IV-1). In either design, the mixture is directed into the
| : hollow rotor, and the phases are separated by centrifugation as they flow
| { up the inside of the rotor. Advantages anticipated for the annular design
:|/ : are (1) simplification in design and reduced cost of fabrication and (2)
| ; improved ease of operation and remote maintenance.

f In the previous reports (ANL-7902 and ANL-7931), separating capacities
| and hydraulic performance of the contactor in both modes of operation were
1 reported. In the: past calendar quarter, tests were completed to determine
I tĥ . stage efficiency of the contactors, based on the forward (extraction)
<; and back (stripping) transfer of uranyl nitrate between an aqueous nitric
I ; acid solution and an organic phase of 30% tri-n-butyl phosphate (TBP) in
I; ': n-dodecane.
|-
|; Four sets of runs (five runs in a set) were performed. One set of

extraction tests was performed with each mixing mode. In the other two sets
of runs, uranium was stripped from the organic phase into dilute nitric acid
while the contactor was operated in the annular mixing mode.

Approximately 20 gal of each phase was used as stock solution for each
; set of runs. During a run, the inlet streams flowed by gravity through

| r o t a m e t e r s to the contactor, and the separated streams flowed into the
^ [ appropriate collecting tanks. Flowrates were measured with rotameters and
|i were rejulated by the inlet line valves. In each set of runs, the flowrate,
|? air pressure for the aqueous weir control, and rotor speed were adjusted as
I ; , specified for a given run, and the runs were made sequentially. Since the
I : contactor achieved steady-state operation in about 10-15 sec, it was possible
|̂  to make a set of five runs in less than 5 min. For each run, effluent
I'' streams were sampled before a change was made to the next run conditions.
I Aliquots of the aqueous and organic samples from each run were taken in
'I'

1'$ . . ... . _ .
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volumes proportional to the flowrates during the run; the aqueous and
organic aliquots were equilibrated by vigorous shaking and the uranium
contents of the equilibrated samples were determined.

A. Extraction of Uranium from Nitric Acid Solution of Uranyl Nitrate

The extraction runs in the SR mixing mode (UXS-la to -le) and the
annular mixing mode (UXA-la to -le) were all made at an aqueous-to-organic
(A/0) flow ratio of 1; the same combinations of throughputs (4 and 7 gpm)
and rotor speeds (2000 to 3500 rpm) were used for both sets of runs. In
UXS-1, a mixing paddle with 2 l/2-in.-dia by 1 3/8-in.-high blades was used.
For UXA-1, a newly fabricated lower section was installed on the contactor
that provided a 0.55-in. annular gap between the rotor and casing, instead
of the 0.275-in. gap in the original lower section.

Stage efficiencies, Ê » based on aqueous sample compositions were
determined using the formula

A - A
EA - -r A— x 100
A A. - A

i e

where A. = U concentration in aqueous feed, M,
i —

A = U concentration in aqueous effluent, M,
o —
A - U concentration in aqueous effluent after equilibration

with an equal volume of organic effluent, M.

Stage efficiencies, Eo, based on organic sample compositions have also been
determined using an equivalent formula. All samples were analyzed by
colcrimetric analysis. Analytical results are accurate within about 2.-3%.

Stage efficiencies in both sets of extraction runs are shown in
Table IV-1. Examination of the table shows that essentially 100% stage
efficiency was achieved in all runs. This indicates that excellent phase
mixing existed in both mixing modes, even under conditions of relatively
low mixing speeds. Material balances ranged from 95.5 to 101.7% in UXS-1
and from 100.5 to 106.5 in UXA-1, based on the assumption that volume flow-
rates 3 equal. This indicates that the desired A/0 ratio of 1 was closely
maint >d. Since residence times in these tests were as low as 2 sec, th >
rapic traction of uranium from an aqueous nitric acid solution into 30 vol I
TBP in n-dodecane is confirmed,

B. Stripping of Uranium from an Organic Phase into Dilute Nitric Acid

In the two sets of runs made to measure the re-extraction (stripping)
of uranium from an organic phase into an aqueous phase, the organic phase
was 30% TBP in n-dodecane diluent containing 0.304M U and 0.42M HNO3. (This
material was the product effluent stream from the uranium extraction runs
reported above.) The aqueous stripping solution was 0.049M HN0-.
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TABLE IV-1. Stage Efficiencies for Uranium Extraction Runs

Aqueous phase: ^0.
Organic phase: 30
Aqueous-to-organic

Run UXS-1 Rotor Speed,
or UXA-1 rpm

a 2000

b 2500

c 3000

d 3000

e 3500

5M UO2(NO3)2 in 0.
vol % tri-n-butyl
(A/0) ratio: 1

Total Flow-
rate,
gpm

4

4

4

7
7

8M HNO-
phospnate in n-dodecane

Stage Efficiency

UXS-la

EA,%

100

103

103

98

99

EQ,%

98

98

96

101

96

UXA-1
EA,%

113

105

105

98

97

a

EQ,%

100

98

97

94

97

% of Max.̂
Capacity

75

60

50

90

80

UXS-1 - Savannah River mixing mode,
UXA-1 - Annular mixing mode.

Maximum separating capac-ty as determined previously in tests without
uranium, and defined as throughput with 1% cross contamination of one
phase by the other.

The contactor was operated in the annular mode as shown in Fig. IV-1.
As in the extraction runs, the stripping runs were conducted in sequence
in sets of five. The first set of runs (USA-1) was made with the tangential
bypass line (Fig. IV-1) shut and the second set (USA-2) with the line open.
Rotor speeds were 2000-3500 rpm, and total flowrates were 4 or 7 gpm.
Pressure in the mixing zone was monitored (by plastic standpipes connected
to tangential and normal pressure taps) as operating conditions changed.
In USA-1, measurements of the liquid level in the normal pressure tap showed
that the level of liquid in the annulus rose from ̂ 5 in. to ̂ 11 in. above
the casing bottom as conditions changed from 4 gpm total flow at 2000 rpm
to 7 gpm at 3500 rpm. In USA-2 (bypass line open), the levels rose somewhat
less, from 3.5 in. to 7.5 in. for the same range of flowrates and rotor
speeds. The open bypass, in essence, reduced the extent of phase mixing.
Nevertheless, stage efficiencies were uniformly high in both sets of runs,
indicating that the effect of the reduced mixing in USA-2 was negligible.

Stage efficiencies for the runs in USA-1 and USA-2 are shown in
Table IV-2. Efficiencies were all essentially 100%, within the accuracy of
sample analyses. No stripping runs were made in the SR mixing mode. The
high stage efficiencies found for the SR-mode extraction runs indicated that
mixing was highly effective; any failure to obtain 100% efficiency in
stripping runs would indicate that residence times were too short. If this
deficiency were encountered in a plant operation, it would be corrected by
operating at slightly elevated temperatures, which is the usual practice in
Furex stripping operations.
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TABLE IV-2. Stage Efficiencies for Uranium Stripping Runs,
Annular Mixing Mode

Aqueous phase: 0.049M HNO3
Organic phase: 0.304M U and 30% TBP in n-doaecane

0.42M HNO3
Aqueous-to-organic (A/0) ratio: 1

USA-1 or
USA-2

a

b

c

d

e

Bypass line

Rotor
Spe^d,
rpra

2000

2500

3000

3000

3500

closed.

Total
Flow-
rate,
gpm

4

4

4

7

7

V
104

96

113

114

102

Stage

USA-la

%C E ,%
0

100

103

105

100

106

Efficiency

USA-2
d E 7

100

105

103

104

102

b

V*
94

103

101

106

107

boBypass xxne open.

Stage efficiency, based upon aqueous samples.

Stage efficiency, based upon organic samples.

C. Discussion

The high stage efficiencies obtained in stripping runs made with the
ANL contactor operated in the annular mixing mode seem unusual in comparison
with those for Savannah River* and Karlsruhe contactors of the SR design.
The latter contactors have generally shown stripping efficiencies of ̂ 95%
or less, and extraction efficiencies very close to 100%. The lower stage
efficiency for stripping in the SR and Karlsruhe contactors was attributed
to the fact that stripping kinetics are somewhat lower than extraction
kinetics at room temperature, and to residence times being too short to
reach 100% equilibrium in stripping runs.

In the ANL contactor, residence times are estimated to be almost twice
as long in the annular mixing mode as in the SR mixing mode when the total
throughput is 4 gpm, and more than twice as long when the throughput is 7 gpm,
which may account for the higher stripping efficiency. Residence times
were calculated as follows: Since the volume of the SR-mode mixing chamber
is 0.13 gal, the residence tivne is i>2 3ec at 4 gpm throughput and VL.l sec
at 7 gpm. With annular mixing, the volume of the mixing chamber varies since
the height of liquid in the annulus depends upon the flowrate as well as the
rotor speed. If the height of liquid in the annulus is ̂ 4 in. at a flowrate
of 4 gpm, residence time is ̂ 3.2 sec. If the effective height of liquid is
6 in. at a flowrate of 7 gpm, residence time is ̂ 2.5 sec. (The "effective"
height of the annulus is limited to M> in., which is the elevation of the
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top of che inlet lines. Although the level of liquid in the annulus can
rise above this level, the liquid above the top of the inlet lines does not
intermix to a large extent with the liquid below. Only the volume below the
top of the inlets represents effective mixing zone volume.)

As is noted above, the extraction efficiency is related to the residence
time, which in turn depends on the volume of the mixing chamber and on
solution flowrates. Experience to date has not been adequate to determine
the optimum width for the annular gap, which serves as the mixing chamber.
The original gap width of 0.275 in. appeared to be too small for flows above
-5 gpm, while the present gap width of 0.55 in. can handle flows up to the
separating capacity of the rotor O15+ gpm). The inlet lines, originally
9̂ in. above the casing bottom, are now ^5 in. above it. Thus the original
flow path was longer and narrower than the present flow path. "Optimum"
gap width need not be determined precisely unless a rotor is to be fabricated
having the maximum diameter permitted by criticality considerations. Conser-
vative design would suggest that the gap width be somewhat greater than
the bare minimum needed for flow capacity.

Use of the bypass line permits direct injection of some liquid from the
annulus into the rotor before it has been subjected to the full mixing
experience in the annulus. In addition, the liquid carried through the bypass
retains some of its kinetic energy, which is then converted into pressure
for injection into the rotor orifice. As a result, less hydraulic head is
required in the annulus for supplying this pressure, and the level of liquid
in the annulus is lower than when the bypass is closed. A lower liquid level
in the annulus helps prevent overflow of emulsion from the annulus into the
organic phase collecting ring, which has a tendency to occur at high flow-
rates or high rotor speeds. Although the flexibility provided by the bypass
line may be useful in an experimental model, the equivalent effect could be
readily obtained by placing the inlet lines at a lower elevation on the
contactor.

Tangential inlet lines were employed in the experimental model in
order to use the fluid drag in the annulus to reduce the overall pressure
drop in the inlet lines. Our limited experience suggests that this potential
benefit does not justify the added cost of this type of construction over
that of perpendicular (normal) junction of inlet lines to casing.

Based on the fine performance and excellent results of the limited
number of runs made in the annular mode, it is reasonable to conclude that
this mode of operation is very efficient and that the design represents a
significant improvement over the basic SR design insofar as fabrication and
remote maintenance are concerned. Topical reports are in preparation
describing the design, development, and testing of the two contactor designs.
Additional work on this project has been deferred.
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V. ELECTROLYTIC REDUCTION AND REOXIDATION
OF PLUTONIUM IN PUREX PROCESSES

(M. Krumpelt, J. J. Heiberger, M. J. Steindler)

Electrolytic reduction of plutonium is being developed as part of the
AEC's effort to adapt the Purex process to LMFBR fuel reprocessing needs.
These fuels contain high concentrations of plutonium, which must be reduced
and reoxidised several times in the course of the process. Reduction and
reoxidation by currently used chemical means would lead to an excessive
amount of high-level solid radioactive waste if applied to LMFBR fuels.

Hydroxylamine nitrate has been suggested as an alternative for other
chemical reductants. Use of hydroxylamine nitrate would shift the problem
from solid waste disposal to radioactive gas treatment and disposal. About
one third mole of N2 plus N^O is formed stoichiometrically for every mole of
plutonium reduced with hydroxylamine nitrate. Plant experience with other
chemical reductants indicates that normally, ten times the stoichiometric
amount is needed for stripping. Given these assumptions, the calculated
volume of N2 + N£0 formed in a 3-cycle, 1 ton/day plant for processing fuel
with an average plutonium content of 15% is 1.4 x 10^ liters/day. These
large volumes of gas would be generated at locations in the plant where the
high concentrations of radioactive species present would contaminate the gas
streams.

Environmental considerations suggest that in future plants, gas streams
should be recycled and that releases should be largely avoided. However,
the formation of 10^ liters/day of N2 + N2O at the heart of the processing
plant would necessitate release of a fraction of the gas stream after partial
decontamination. Zero-release operation would then not be possible.

Hydroxylamine nitrate marks, however, a considerable improvement over
the older reductants in the reconversion of third-cycle Purex streams to new
fuel. Since the use of hydroxylamine adds no metallic ions to the actinides,
direct denitration of the nitric acid solution without a final ion-exchange
step becomes feasible. (Ion-exchange is generally a low-capacity step and
would limit the throughput of an LMFBR fuel reprocessing plant.)

Work continues on another alternative for plutonium reduction and
reoxidation—on-stream electrolytic valence adjustment. This method is
being developed because it is more direct and more easily controllable than
chemical valence adjustment and is waste-free. A major potential obstacle
to its process application is the adequacy of the reduction rate, since a
phase boundary process is involved and electrolysis is slow compared to
pertinent homogeneous chemical reactions. The principal effort in this
program has been directed toward the mass-transport-related aspect of
electrolysis.

Most recently, the rate of reduction has been measured in a laboratory-
scale, recirculating electrolytic cell (ANL-7902, pp. 48-49) that has the
same electrode configuration as a conceptualized process-size cell (ANL-7799,
p. 61). Briefly, the cell consists of a recirculating catholyte, flowing
at various rates through a wire-screen cathode. Two symmetrically placed
anodes are separated from the catholyte by two diaphragms (fritted glass).
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Results with electrolyte-containing plutonium nitrate were reported in the
previous report of this series (ANL-7931, pp. 48-50). Initial difficulties
with low current efficiencies were overcome by adding a very small amount
of hydrazine to the plutonium nitrate solution. Subsequently, it became
apparent that the platinum cathode had become poisoned after several runs.
In the present experiments the cathode of the electrolytic cell consisted
of a circular piece of 16-mesh titanium screen having a wire diameter of
0.28 mm and a surface area of 5.50 cm^. The screen vras cleaned in HNO3-HF
before it was installed in the cell.

A. Current-Potential Experiments

To help select a suitable cathode potential for reduction-rate measure-
ments with the new titanium electrode; current-versus-potential curves were
determined with the titanium cathode in the cell. The procedure consists
of a stepwise change of the cathode potential with a wait (2-10 min) after
each change to allow the current to become steady. A typical curve is shown
in Fig. V-l, which was obtained at a flow velocity of 2.41 cm/sec in an
electrolyte containing 7.95 g/liter Pu» 0.57M HNO3, and 0.005M N2H4. The
valence composition of the plutonium in the initial solution was 77.1% Pu(IV),
22.2% Pu(III), and 0.7% Pu(VI). When the voltage was made less positive than
+0.5V, the current increased sharply and reached a limiting current plateau
of about +0.24V (versus standard H 2 electrode potential). Near +0.07V, there
was a depression followed by a transitory region until at about -0.45V,
reduction of hydrogen ion began.

The first plateau is attributed to the reduction of Pu(IV) to Pu(III).
The depression is probably associated with a "secondary" reaction parallel
to plutonium reduction. This second reaction has not yet been identified;
however, it has been observed that this reaction does not hamper the reduction
of Pu(IV) (see below).

Curves similar to Fig. V-l were obtained at lower flow velocities, with
lower and higher plutonium concentrations, and in solutions without hydrazine.
It was concluded that electrolysis of Pu(IV) became mass-transport-limited
at potentials of less than +0.24V (versus standard H£ electrode potential),
and this voltage was selected for the following reduction-rate experiments.

B. Reduction Experiments

Reduction-rate measurements were made with plutonium nitrate electrolyte
in the same electrolytic cell as was used for current-potential determinations.
The objectives were as follows:

1) To measure the reduction rate as a function of typical process
parameters such as flow velocity, plutonium concentration, Pu(IV)
to Pu(III) ratio, acidity, and characteristic electrode dimension,

2) To relate the reduction rate measurements to a mathematical model
useful for scale-up.

3) To demonstrate high current efficiencies for plutonium reduction
in a nitric acid medium.

> f,
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In the fivst three experiments, the cathode potential was fixed at
+0.22V (mass-transport-controlled region). Different constant flow velocities
were maintained in the three experiments-—2.41, 1.27, and 0.71 cm/sec. The
electrolyte was the same as in preceding experiments except that several
Pu(IV) to Pu(III) ratios were used. For the experiment with a 2.41 cm/sec
flow rate, the electrolyte initially contained 40% of the plutonium as Pu(IV).
A small amount of hydrazine was added before each electrolysis to make the
solution about 0.005M in N2H4. While the current was flowing, the electrolyte
was sampled at intervals, and the samples were analyzed spectrophotometrically
for plutonium valence composition to determine the rate of reduction of Pu(IV)
to Pu(III) (see ANL-7931, p. 45 for analytical method). The current was
recorded continuously.

Semilogarithmic plots cf current (mA) and Pu(IV) and Pu(III) concentrations
(mol/liter) as a function of time were made for the experiment at a flow
velocity of 2.41 cm/sec (Fig. V-2). The logarithm of the current is seen to
have decreased linearly during the electrolysis, a behavior that is typical
of mass-transport-controlled electrolysis. The logarithm of the Pu(IV)
concentration also fell linearly in a manner typical of a first-order reaction,
indicating that electrolysis was proceeding smoothly.

First-order reactions follow the rate law

f • *
The rate constant, k, is equal to the slope of the plot of In C versus time.
For the electrolytic reduction of Pu(IV), k can be obtained from Fig. V-2 by
multiplying the slcpe of the Pu(lV) line by the logarithmic conversion factor.
The numerical value of k is 2.48 x 10~5 sec"1.

This experimentally measured number can be compared with a calculated
number, using the expression derived earlier (ANL-7799, p. 58). The
exponents in the original expression have been modified to include the more
accurate values for A and m given in ANL-7871, p. 51. The revised expression
for calculating the rate constant for electrolytic reduction thus becomes

_ 0.66 0.3 0.03 _
D . u v S

k „ -lk (1)

L°* 7 V
2

where D = diffusion coefficient, cm /sec

u = linear flow velocity, cm/sec

2
v = kinematic viscosity, cm /sec

2
S = surface area of electrode, cm

L = characteristic electrode dimension, cm

3
V = electrolyte volume in cell, cm

In ANL-7799, the symbol e was used for k, v for u, and D for L.
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In the experiment represented in Fig. V-2, the variables had values of
Dj k = 5.8 x 10~

6, u = 2.41, v = 0.008, S = 5.5, L = 0.028, and V = 959.
The reduction rate constant under these conditions is calculated to be
2.76 x 10"^ sec"-*-. The agreement between the theoretical value and the
measured k is close.

The reduction constant is related to the "half-reduction time" by the
simple expression t^/2 " nr~* From the theoretical expression (Eq. 1) the
half-reduction time for a conceptualized process-size cell has been estimated
(in ANL-7871) to be 13 sec. The e:iperimental results shown in Fig. V-2
indicate that this estimate is at least of the right order. At such a
reduction rate, electrolysis in a Purex process is feasible.

As stated above, the third objective is to demonstrate high current \.
efficiency for plutonium reduction in a. nitric acid medium. It should be \
recalled that efficiencies of only ^20% were observed in experiments during j
the previous reporting period. A small amount of hydrazine [which is used
frequently to stabilize Pu(III) solutions] was added in earlier and current
experiments to remove nitrous acid from the medium. Nitrous acid would
oxidize Pu(III) and is also responsible for the often-observed instability
of nitric acid toward electrolysis (ANL-7871, pp. 52-53). Current efficiency
has been drastically improved by the addition of hydrazine, justifying the
addition. It is a matter of semantics whether hydrazine suppresses the
electroreduction of nitrate or the reoxidation of Pu(III).

Hydrazine is, however, also capable of reducing Pu(IV) to Pu(III). The
rate of reduction by hydrazine is low compared with the rates for other
reductants, but is high enough to be noticeable in the present experiments.
Figure V-3 is a plot of integrated current expressed in milli-Faradays and
the amount, of plutonium converted, expressed in millimoles. [Data based on
Pu(III) and Pu(IV) analyses are plotted.] These data were derived from the ' |;
results given in Fig. V-2. More plutonium was being converted than could |r
be accounted for by the current. The apparently higher than 100% current f
efficiency may have resulted from hydrazine acting as a reductant. ['[

Two other reduction experiments were performed at the same potential but ]._
at flow velocities differing from that used in the experiment described above. jv

Figures V-4a to -4d are plots for these two experiments similar to the plots i:\
in Figs. V-2 and V-3 for the earlier experiment. The reduction rate constant r
decreased with decreasing flow velocity, as would be predicted from Eq. 1. 1-.
The apparent current efficiencies were again higher than 100%. The electrolysis \
plotted in Fig. V-4c is perhaps noteworthy because the electrolyte initially \ ]
contained 80% Pu(III) and the product contained almost 90% Pu(III). In a |
commercial process for the preparation of tetravalent uranium from uranyl >•
nitrate, it was observed that at high U^/UOo ratios," electroreduction in -;
nitric acid medium became very difficult. The same difficulties were not |
apparent in this work with plutotiium, indicating that unfavorable side reactions f
were virtually absent.

A fourth electrolysis was performed at -0.26V (versus standard H« electrode
potential). The objective was to investigate whether the secondary electro-
chemical reaction in the transitory region affected the electroreduction of
plutonium. A current-utilization plot was made for electrolysis at this
potential, which is in the region where plutonium reduction arid the secondary
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reaction occur simultaneously. A low current efficiency would indicate an
interference with plutonium reduction. Figures V-4e and V-4f show the history
of the electrolysis and the current utilization. The current did not behave
as regularly in this run as in the previous runs, but the apparent current
efficiency was again higher than 100%. Apparently, there was no significant
interference with plutonium reduction.

C. Migrational Contribution to the Current

The current across electrode boundary layers often has two components,,
diffusional current and migrational current. The driving force for diffusional
current is the concentration gradient; that for migration is the electric
field. The electric field approaches zero and migration vanishes when the
conductivity of the electrolyte becomes high. The conductivity of a solution
is, of course, the sum of all the ionic conductivities, including the
conductivities of those ions which are inert under the conditions of the
electrolysis.

The reduction of plutonium is accomplished at potentials where hydrogen
ions and presumably nitrate are inert. For interpretation of the experi-
mentally measured currents, it is important to know what fraction of the
total current is diffusional and what fraction migrational. Experimentally,
this can be measured by determining the limiting current density at different
nitric acid concentrations. As the acidity increases and migration diminishes,
the limiting current should decrease and become constant when the migrational
contribution has effectively become zero. Such an experiment was performed
with nitric acid concentrations of 0.57, 0.68, 0,80, and 0.93 mol/liter. The
limiting current was unaffected by the different acidities and hence diffusional
current seems to be the only contributor in this acidity range.
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