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1. PROCESS DEMONSTRATION AND 222U DISTRIBUTION

R. E. Brooksbank

Storage and Distribution Facility

J. R. Parrott R. G. Shannon
R. G. Nicol W. A. Shannon

Oak Ridge National Laboratory serves as a national distribution
center for “°°U. The facility includes shielded wells for storing up
to 120 kg of ???U in solid form and tanks (containing borosilicate glass
for neutron poisoning) that can store 500 kg of 2337 in uranyl nitrate
solutions at *>°U concentrations up to 250 g/liter. 1In addition, during
the reporting period an existing building was converted to a shielded
vault and approved for the storage of 70 kg of 2330 or ?°%Pu in shipping
containers.

The facility accepts ?°°U as uranyl nitrate solution or as properly
packaged solids. The solids can be uranium metal or uranium compounds
that can be dissolved easily and safely in stainless steel equipment.

The purification facilities in the center include a single-cycle
solvent extraction system capable of purifying 233U at the rate of
25 kg/week. A1l 2337 processed in the facility is shipped as nitrate

solution.

Distribution Activities Suwmmary

J. R. Parrott R. G. Shannon
R. G. Nicol W. A. Shannon

During the past two years 42 shipments containing 171 kg of 233y
were received by the facility. There were 45 shipments from the facility,
amounting to 112 kg of 233U.  The largest single receipt was 71 kg of
233U (as nitrate solution) from criticality experiments in the ORNL
Neutron Physics Division. The largest disbursement was 36 kg of *°°U
(as UOg) to the Thorium=-Uranium Fuel Cycle Development Facility for

conversion to the LiF;-UF, eutectic salt, which i1s being used in the



Molten Salt Reactor Experiment. The activity of the facility for each
yvear from 1960 through 1968 is shown in Fig. 1.1. The present inventory
of ???U in the facility, showing the form, isotopic purity, and 2327
content, is shown in Table 1.1.

The TRUST (Thorium Reactor Uranium Storage Tank ) facility was built
to receive, transfer, and store 1100 kg of highly enriched uranium
(75% 235U, 11% ?33U) in the form of a uranyl nitrate solution.! This

material, which is the uranium product from the Indian Point Reactor fuel,

lChem. Technol. Div. Ann. Progr. Rept. May 31, 1968, ORNL-4272,
pp. 138-141.
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Table 1.1. °°°U Inventory — December 31, 1968

Form Isotopic Eurity 233U Content Quantity
(at. %) (ppm) (kg)
Nitrate o1 13 24,1
97 59 67.0
97 34 14.7
Oxide 84 S 7.6
9L 250 61.7
o7 5—6 28.4
97 50 13.6
98 5 12.1
Fluoride 91 250 1.9
Metal 97 42 5.6
Slag 97 6 0.7
Total 237 .4

was purified by solvent extraction at the Nuclear Tuels Services plant
in West Valley, New York. The uranium solution will be stored indefi-
nitely; the 2327 content (120 ppm) prohibits direct refabrication into
fuel elements, and the low 233U content makes it uninteresting for
reactors demonstrating the thorium fuel cycle. Seven shipments of
uranyl nitrate solution (in 152 "safe" 10-liter plastic bottles) were
received in December 1968. These shipments contained 305.7 kg of

uranium, including 34.4 kg of 2337 and 226.5 kg of 235y.

Fuel Preparation for High-Temperature Lattice Test Reactor

Solex Development Laboratory (J. W. Snider, F. L. Daley)

We are preparing about 32 kg of (Th,233U>02 microspheres for use in
reactor physics tests as part of a national effort in support of high-
temperature gas-cooled reactors (HTGR'S). The microspheres are being
coated with pyrolytically deposited carbon and will be used as fuel in
the High-Temperature Lattice Test Reactor (HTLTR).



The Solex Development Laboratory (in Building 3019) is being used
to prepare 232TM0,-257 233U02 as a concentrated hydrosol. The process con-
sists of solvent extraction of nitric acid from aqueous solutions of
thorium nitrate and uranyl nitrate with a solution of a long-chain
secondary amine in a hydrocarbon. The aqueous solutions hydrolyze to
form colloidal dispersions (sols). Tne process equipment consists of
three contactors and two digesters for hydrosol formation and three
contactors for amine (organic phase) regeneration. The nitrate solution
feed stream, which is approximately 0.3 M in total metal, is processed
through the following sequence when the cocurrent flowsheet is used
(@ifferences between the cocurrent and countercurrent flowsheets will
be described).

1. The aqueous and organic phases are contacted cocurrently in
the first contactor. About 85% of the nitrate in the aqueous stream is
extracted into the organic phase.

2. Following phase separation, the aqueous phase is digested for
30 min in the first digester.

3. Agqueous and organic phases are then contacted cocurrently in
the second contactor. The organic phase used in this extraction step
may or may not be the same as that used in the first step. About 75%
of the nitrate entering this contactor is extracted into the organic
phase.

4. After phase separation the aqueous phase is digested for 30 min
in the second digester.

5. The aqueous and organic phases are contacted cocurrently in
the third contactor. About 107 (50% for the countercurrent flowsheet )
of the nitrate entering this contactor is extracted into the organic
phase.

©. The hydrosol from the third contactor is evaporated to approxi-
mately 2 M total heavy metal (1 M for countercurrent operation).

In the cocurrent flowsheet 70% of the organic phase is fed to the
first contactor; the remaining 30% is fed into the second contactor
along with the effluent organic from the first contactor. This mixed

organic phase 1s also used in the third contactor before being sent to



the amine regeneration portion of the process. The total amount of
amine in the organic phase is 757 excess over that required for stoi=-
chiometric extraction of nitrate in the feed strean.

In the countercurrent flowsheet all of the organic phase is fed to
the third contactor, then to the first contactor, and finally to the
second contactor. The total amount of amine in the organic phase is
45% excess over that required for stoichiometric extraction of the
nitrate in the feed stream.

The spent organic phase is contacted with water in an amine regen-
eration contactor to remove any entrained aqueous phase (this water is
returned to become a part of the feed stream) before being contacted with
a 1l M NapCO3 and 1 M NaOH mixture for neutralization of the amine.
Following neutralization, the organic phase is contacted with water
again; this removes any entrained neutralization solution from the
organic phase before its reuse in the extraction cycle.

Before process use, the organic phase was pretreated by cycling
three batches (50 liters per batch) through seven complete cycles, using
nitric acid and water as feed. This removed trace quantities of low-
molecular-welght material from the organic phase. A brownish-black crud
formed at the interface in the first contactor during the first few
cycles and disappeared as the cycles progressed. With the disappearance
of the crud, there was an improvement in phase separation and a diminished
propensity to foam. A sample of the seventh-cycle organic phase was com-
pared with the organic phase that had been used in earlier studies. The
organic-aqueous break times with water, carbonate solution, and nitric
acid were almost identical for the two samples. Two of the 50-liter
batches of organic were stored for later use, and one was left in the
process equipment for use in the 223U~thorium hydrosol production.

We prepared 33 batches of hydrosol (~ 1 kg of metal per bateh).

The first eight were made according to the cocurrent flowsheet. The
nitrate-~to-metal mole ratio in these runs was between 0.14 and 0.15.

The hydrosol from these runs was concentrated to 2 M; however, diffi-
culty was encountered in preparing microspheres from this (high-nitrate)
product. The remaining 25 batches were made according to the counter-

current flowsheet. The nitrate-to-metal mole ratio in these runs was



0.10 + 0.01, the electrical conductivity was 2.20 = 0.02 milliohms/cm,
and the pH was 5.52 + 0.53.

Equipment has operated very well. The only difficulty has been
with pumps; the seal on the original pump used with the evaporator
failed, but a replacement pump is performing satisfactorily. Two
metering pumps have been replaced; one replacement was necessitated by
a pump failure, and the second was required to reach the design flow

rate.

Sphere Forming (J. R. Parrott, R. G. Shannon)

The remotely operated, neutron-shielded facility in cell 4,
Building 3019 was used to form 250-350-,-diam spheres from the hydrosol
Th0,—25% 23370, prepared in the Solex Development Laboratory. The
cell 4 facility was originally constructed to demonstrate the 238py
microsphere preparation flowsheet;2 to provide flexibility it included
two parallel sphere-forming columns, two dryers, and one calcining fur-
nace for preparing microspheres from hydrosols prepared elsewhere.

After completing the plutonium program, we started to convert
thoria-urania hydrosol into microspheres that were sultable for coating
with pyrolytic carbon. TInitial operation of the system was unsuccessful
because of (1) insufficient upflow veloecity to maintain the spheres in
the column for sufficient drying time, and (2) cracking of the spheres
in the column when formed from sols having a nitrate~to-metal mole ratio
greater than 0.12. Characterization of the spheres formed in the column
was further complicated by temperature excursions in the dryer, which
resulted from insufficient removal of residual organic during steam
stripping.

We then made six runs using 2°%U (instead of °°°U) to establish
operating conditions. The column throat diameter was decreased from
1 3/4 to 1 1/2 in. by remotely removing the top of the column and

dropping in a machined stainless steel insert. The sphere dryer was

2Chem. Technol. Div. Ann. Progr. Rept. May 31, 1968, ORNL-4772,
pp. 168-170.




redesigned to give better distribution of steam through the bed; this
change eliminated the previously mentioned temperature excursions. With
these improvements and with the availability of sols with lower nitrate-
to-metal ratios, the system began to produce microspheres meeting the
specifications. Following operation with ThO,—25% 228U0,, we returned
to Th0,—25% 232U0, and began operating on a 16-hr day, 5-day week basis.
Spheres were formed at the rate of 0.5 kg/day of metal (U + Th). Drying
and calcining are batch operations, with batch sizes of 0.5 and 2 kg of
metal, respectively.

Spheres are formed in a tapered glass column. The 1 M (U + Th) sol
is introduced into the two-fluid nozzle at 3 cm’/min. A 2-ethyl-1-hexanol
(2EH) stream is introduced into the periphery of the nozzle at 169 cm’/min.
The spheres, formed at the nozzle tip, are suspended in 2EH by a total
upflow of 6800 cm3/min. The water content is controlled by a side stream
(470 em?/min) of 2EH to a still, which is operated at 160°C.

The wet spheres are transferred onto a glass frit in 500-g batches
and dried by heating to 105°C in argon and then feeding in superheated
steam. During steam purging, the temperature is slowly increased to 200°C
and held until 5 g of steam has been purged through the spheres for each
gram of oxide present.

The spheres are calcined in 2-kg (U + Th) batches by heating in
argon (at 250°C/hr) to 1150°C and purging with Ar—47% H, for 4 hr and
then cooled in argon. The calcined microspheres are then transferred
to the Coated Particle Development Laboratory (cPDL) for testing and
coating.

During the report period, approximately 18.8 kg of oxide was success-
fully processed through the facility. Preliminary screening (to remove
spheres outside the 200- to 500-py-diam range) reduced the quantity trans-
ferred to 17 kg.

Particle Coating (F. J. Furman, Jr., R. A. Bowman)

The oxide microspheres are coated with pyrolytic carbon to limit
the spread of contamination and thereby facilitate reactor operation and
subsequent handling of the fuel. The coating must withstand moderate
mechanical shock, as would occur during pouring, and also withstand the

thermal stress that would be developed on heating to 1300°C, the upper



1limit expected in the HTLTR experiments. A 5-in.-diam cone furnace,
described in Chapter 4 of this report, was selected to perform this

coating operation because of our extensive operating experience with
it.

Propylene was selected as the coating gas because of the consistent
results that are obtained at the comparatively low pyrolytic carbon
deposition temperature of 1250°C. Typical coating properties that can
be obtained with propylene are shown in Chapter 4 of this report.

The major activities associated with coating the microspheres are
material transfer, precoating treatment, coating, postcoating treatment,
and inspection. Material transfer involves the procedures and equipment
required to safely transfer the large amounts of 233U-containing material.
These operations will not be described here but are mentiocned to emphasize
the effort involved in transferring fissionable materials safely and
keeping records for accountability.

The precoating treatment consists of breakage testing, screening,
separating the nonspherical microspheres, sampling, and weighing. The
coating operation includes loading the particles into the coating fur-
nace, coating, and unloading. The postcoating treatment consists of
initial weighing, screening, alpha monitoring, sampling, and weighing.
Inspection includes size and density determinations on both the uncoated
microspheres and the coatings. The coated microspheres are analyzed for
uranium and thorium contents.

In the precoating operation the microspheres are first tested for
breakage resistance. They are loaded into a particle singularizer,3
which accelerates them in single file at a high velocity at & glass
wall. Any weak microspheres crack and can be separated later. Next
the particles are screened to obtain the desired coating size ranges.

Most particles fall in a 250- to 350-py-diam range. Also saved are 350- to
420~ -diam particles, which are grouped into another coating range. After

sizing, the particles are shape separated,3 to remove nonspherical

5R. B. Pratt and S. E. Bolt, 'Particle Coating,” Status and Progress
Report for Thorium Fuel Cycle Development Dec. 31, 1966, ORNL-4275,
pp. 61-87.
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are screened to eliminate large carbon chunks and undercoated particles.
Next the microspheres are checked for alpha radiation by passing them

across a monolayer feed plate (see Fig. 1.3) over which an alpha monitor
is suspended. This feed plate distributes the particles in a 6-in.-wide

highly dense single layer. Finally the particles are sampled and weighed.

ORNL-DWG 68-43267

FEED HOPPER

DISPENSER

VIBRATOR

TILT PLATE

Fig. 1.3. Monolayer Feed Plate.

Inspection includes analyzing for density, size distribution, and
chemical composition. The density is determined on both the coated and
uncoated particles by the mercury pycnometer method. Carbon is deter-
mined by burning the coating off the oxide particles and measuring the
change in weight. TFrom the percent carbon and the coated particle and
oxide particle densities the coating density can be calculated. The
oxide particle and coated particle diameters are measured individually
on radiographs of a number of particles with a split-image microscope.
The particles are also analyzed for uranium and thorium. An isotopic
analysis is done on the uranium.

This preparation program will be completed in the spring of 1969,

and a detailed report will then be prepared.
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and electromechanical systems. These test procedures were accepted by
the contractor and performed by him. The tests were witnessed jointly
by the architect-engineer and ORNL personnel.

Immediately upon cur occupancy, Rust Engineering Company began
installing the out-of-cell processing equipment for cell G, in-cell
crane and manipulator systems, various service plugs in service sleeves
throughout the cell bank, viewing windows at cell operating modules, and
the equipment mounting pad on the floor in cells C and D (shown in
Fig. 2.2). This portion of the construction program, authorized as cost-
plus-fixed~fee participation, was completed on January 15, 1968, at
approximately 157 less than the estimated cost. Painting was completed
on March 9, 1968.

The installation of special equipment in the facility by the
Laboratory began November 1, 1967, and was completed on March 15, 1968.
This work consisted primarily of installation of master-slave manipu-
lators, special sampling equipment for the liquid waste tanks, a
pneumatic-tube solid sample conveyor system for cells C, D, and E,
and the facility radiation and contamination monitoring and control
equipment. Also, we cleaned and filled the zinc bromide window tanks
in cells G and F. The filling of the remainder of the window tanks has
been deferred until facility operations require shielded viewing windows
in other cells. The Laboratory's participation in the construction pro-
ject has included the procurement and installation of special-purpose
equipment costing $1,753,000. This participation was concluded on
March 15, 1968, within the estimated time and cost. Sol-gel sphere-
forming equipment and the remaining zinc bromide shielding media have
been deferred until the end of 1969. The fuel fabrication equipment has
not yet been authorized.

Problems previously reported with the screw drives of radiation
shielding doors 2 and 3 were apparently resolved with the installation
in December 1967 of ball screw and nut assemblies replacing the modified
square thread mechanical screw jacks. The assenblies were tested in
January 1968 and found satisfactory.

The cleaning of the copper lining inside the viewing window tanks

has been the object of some limited experimentation for the past three
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years. We developed a cleaning procedure with the following major steps:
(1) degreasing with alcohol; (2) washing with a solution of acetic acid,
sodium chloride, and demineralized water; (3) rinsing and drying with
alcohol; (4) washing with a solution of 107 zinc bromide and deminer-
alized water; (5) finally rinsing with demineralized water inhibited

with hydroxylamine. This procedure appeared to result in a satisfactorily
clean window tank, ready for filling with zinc bromide.

Concurrent with the construction operations by Rust Engineering
Company and the Laboratory, the TURF operating staff prepared and exe-
cuted procedures whereby the facility was checked out and placed into
normal operating condition. Some of the items were operator training
and rechecking of the utility service systems, operation of the in-cell
crane and manipulator systems, installation of Raschig rings in a liquid
waste tank, calibration of all three hot waste tanks with checkout of
the waste tank sampling station and all the instrumentation and controls
for operating and maintaining the waste tanks, replacement of the absolute
filters in both the cell exhaust and hot off-gas filter pits, and testing
of the filter pit and checkout of the complete facility ventilating and
air conditioning system with dioctyl phthalate. Plans were also devel-
oped and placed into effect for preventive maintenance on all operating
equipment and for coordinating various programs for testing and inspection
of equipment essential to safe operation.

A number of improvements to the facility were made. These include
landscaping of the site, identification of equipment and service lines
within the facility, installation of an argon supply system for main-
taining a purge and blanket on shielded viewing windows, installation of
neutron threshold detector instruments on both the first and third floor
levels of the facility, and the installation of an additional constant
alpha air monitor.

An emergency manual for the facility was prepared, and assembly of
data for the facility operating manual was completed. Manuals were pre-
pared for all the facllity utility service systems.

The in-cell fire protection system was charged with carbon dioxide

liguid and preliminary tests of the system were conducted. These tests



15

indicated problem areas remained in this system. The master carbon
dioxide flow control valve is being redesigned, and minor piping changes
are being made in the pilot valve piping at each cell selector valve
station. Also, piping changes are being made in the carbon dioxide
storage tank charging system. The system is scheduled to be made opera-
tional early in 1969.

The safety analysis was prepared for the facility during the latter
part of 1967, and the facility received preoperational review by the AEC
on January 21, 1968. These efforts resulted in approval of the facility
to carry out the MSRE 233U fuel preparation experiment! and a December 27,
1968, approval of operation of the facility for the broad spectrum of
research activities for which it was designed and constructed.

The TURF is being maintained in operational readiness for recycle

development work.

Design of Sol-Gel Microsphere Equipment

P. A. Haas C. C. Haws

Microsphere forming equipment typically consists of a nozzle to
make spherical droplets of a closely controlled, predetermined size, a
long column containing flowing alcohol to fluidize the droplets until

they gel, and alcohol regeneration equipment. Earlier report32

have
dealt with many aspects of this equipment. This report emphasizes
column geometry. The correct column configuration will improve micro-
sphere droplet fluidization and reduce microsphere sticking and clus-
tering. While the fluidization flow rates and the alcohol compositicns

are probably more important variables, a good column configuration should

1J. M. Chandler and S. E. Bolt, Preparation of Enriching Salt
71iF-233UF, for Refueling the Molten Salt Reactor, ORNL-43/1 (March 1969).

°A. R. Irvine, J. M. Chandler, F¥. L. Hannon, and J. W. Snider,
Status and Progress Report for Thorium Fuel Cycle Development Dec. 31,
1966, ORNL-4275, pp. S-10.
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also be used. This is simple to achieve since it does not require con-
trol of operating variables and involves few compromises of conflicting
requirements.

A tapered column is required to produce a superficial velocity that
decreases up the column and thus causes a separation of particles according
to settling velocity. The gsettling velocity of the gel sphere is about
1.4 times that of the sol droplet fed to the column. For a given product
sphere diameter, the settling velocity of a droplet of sol less concen-
trated than 2 M varies little with molarity. The effects of decreasing
diameter and increasing density on the settling velocity as water is
extracted from the sol approximately cancel.

For a given microsphere forming capacity, the column size can be
minimized by having a tapered section of sufficient volume to hold parti-
cles more concentrated than 4.0 M, topped by a cylindrical section to
hold the sol drops of lower concentration. When such a column is lightly
loaded, the fluidized bed will all be in the taper. As the sol feed rate
is increased, the bed will build up into the cylindrical section without
an excessive loading at any level. If the taper is continued without
any cylindrical section, the loading increases as the superficial
fluidizing velocity decreases. Then as the sol feed rate is increased,
the top of the bed will be higher and more heavily loaded until excessive
sticking or clustering occurs.

The column taper can be specified by two ratios. One is the ratio
of radii at the top and bottom of the taper (rmax/rmin)' The other is
the degree of taper, dr/dL, where r is radius and L is length.

A radius ratio of 2.0 or slightly higher gives good loadings of
the cylindrical section. Lower ratios give lighter loadings in the
cylindrical section and give excessive streaming of particles out of
the cylindrical section unless the drop size and fluidization are very
uniform. This ratio gives an area ratio of 4 (or a superficial velocity
ratio of 1/4), which is much higher than the maximum ratio, 1.4, of gel
sphere to sol drop settling velocities. The higher ratio gives a lower
bed density at the bottom of the bed and restricts the discharge rate

while allowing a higher bed density in the upper part of the column and
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thus a greater column capacity. As mentioned earlier, if the column is
loaded to give a fluidized bed over an excessive range of superficial
velocities, the top of the bed will be overloaded with sol drops, and
they are more likely to coalesce or stick. Beds of droplets and spheres

where (r ) > 2.5 are used only when the drop size distribution,

top/rbottom
the fluidization, the loading, or some combination of these is poor.

We have obtained satisfactory operation with dr/dL from 1/96 to
1/24, or wall-to-center line angles of 0.6 to 2.5°. The only disadvan-
tage of decreasing amounts of taper appears to be inconvenient lengths
of column. As the amount of taper is increased, more droplets stick to
the wall and the tendency increases for higher loadings to accumulate
at the wall, with channeling at the wall caused by the higher bed density.
Therefore, we prefer to use dr/dl < 0.03 (1.8°), but there are no clear-
cut limits. Tapers of dr/dL = 1/24 (2.5°) have been used in glove boxes
with severe headroom limitations.

Geometrically similar columns with the general configurations sug-
gested can be characterized by a single dimension. We use the minimm
column inside diameter; namely, the diameter at the bottom of the flui-

dized bed. Then a standard column might have:

DB as the minimum diameter,

2DB as the diameter at the top of the taper,
15DB as the length of taper,

10D_ as a reasonable length of the cylindrical section of diameter

' 2DB.

Then the volume of the taper is approximately 27D% and the volume
of the cylinder is 31D}33. The total volume would be 58D]33. This is 950,
3200, 7600, and 25,000 cm® for 1-, 1 1/2-, 2-, and 3-in. columns,
respectively.

Average bed loadings of 10 to 20 vol % seem reasonable. Lower
loadings must be used for small spheres to reduce clustering and sticking,
and the higher loadings are possible for large, uniform drops. Most of
the volume loading is from gelling drops; the gel spheres have volumes
1/6 to 1/16 of the sol droplet volumes. From these criteria, the esti-

mated capacities for several sol molarities and drop sizes can be
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calculated (Table 2.1). About half the bed volume is in the cylindrical
section, so columns without this feature would have correspondingly
smaller capacities.

The column capacities increase with the cube of the diameter. The
capacities in sol volume per unit time vary little with sol molarity or
drop size; the more rapid gelation of smaller drops is offset by the
smaller bed loadings recommended for the smaller spheres. The capac-
ities in weight of product per unit time increase more than in proportion
to the sol molarity; the more concentrated sols gel more rapidly. Columns
of 2- and probably 3-in. minimm diameter could be made critically safe
by boron-loaded baffles in the wider top sections. The allowable column
sizes for low-enrichment fuels would depend on the compositions.

The capacities listed in Table 2.1 can be bracketed by upper and
lower limits about half and double those listed. The 1 1/2- and 2-in.
columns were operated for long periods at about half the Table 2.1
capacities without any visible signs of overloading. Higher capacities
have been demonstrated only for short periods. The top and bottom of
the bed show lower loadings than the middle. Capacities double those
of Table 2.1 would require the most heavily loaded parts of the bed to
approach volume loadings that correspound to fixed~bed loadings without
fluidizing. Operating problems are almost certain at such high loadings.

Thus the capacities listed are unlikely to be in error by factors of two.

Design of Fueled-Graphite Refabrication Equipment

J. D. Sease

We plan to design, construct, and install in the TURF a pilot-scale
remote fueled-graphite refabrication line to demonstrate the refabrication
technology needed for the development of high-temperature gas-cooled
reactors. The original plan for the fueled-graphite line called for
operation in 1970; however, delay in the overall HTGR program plan has
postponed cold operation of the refabrication plant to January 1974 and
hot operation to early 1975. Therefore, very little design effort has
been expended since the middle of 1967. Design activity will increase

in mid-1969.



Table 2.1. Estimated Microsphere Forming Column Capacitiegs for
Three Product Diameters and Two Starting Sol Molarities

Product diameter, p 200 200 400 400 500 500
Sol molarity 1.0 2.4 1.0 2.4 1.0 2.4
Sol drop diameter, u 075 500 1350 1000 1700 1250
Gelation time, min 19 10 38 19 48 23
Bed loading, vol % 10 10 20 20 20 20
Holdup volume/sol feed rate, min

during gelation 10 6 20 11 25 13

as gel spheres 4 5 7 10 10 12
Volume ratio capacities or sol 0.43 0.55 0.44 0.57 0.34 0.48

feed rate/bed volume, hr~1

g gel am™? hr-l 0.11 0.35 0.12 0.36- 0.09 0.30
Column capacity, cm® sol/hr

1-in. column 410 520 420 540 320 460

1.5-in. column 1400 1800 1400 1800 1100 1500

2=in. column 3300 4200 3300 4300 2600 3600

3-in. column 11,000 14,000 11,000 14,000 8500 12,000
Column capacity, g gel/hr

l-in. column 100 330 110 340 90 280

1.5-in. column 350 1100 380 1100 290 1000

2-in. column 850 2700 900 2700 700 2300

3-in. column 2700 9000 3000 9000 2300 7500

aBasis: arithmetic average volume for gelation time, ¢,. Additional average holdup equivalent
to BGG as gel spheres; 10 vol 7 loading for 200-u product ang 20 vol 7 for 400- or 500-u product.

6T



20

For the design of the fabrication line, the reference fuel element
is the Public Service of Colorado Company, Fort St. Vrain Reactor (psc)
fuel element, which consists of a l4-in. hexagonal graphite block 31 in.
long. A cross section of the reference fuel element is shown in Fig. 2.3.
The fuel holes are filled with fuel sticks composed of pyrolytic-carbon-

coated microspheres of thorium and uranium oxide or carbide in a carbo-

naceous matrix. The design production rate for the coated particle

portion of the line has been established at 10 kg/day of 233U-bearing

particles.

In fuel stick fabrication,

the design will permit handling

and fabricating any combination of 277U,

233U, and Th,

as either the

oxide or carbide, that may be selected for the optimum fuel cycle. The

production capacity of the present design in a 24-hr day, with a 70%
is two PSC elements.

plant factor, The limiting step is fuel stick

fabrication.
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The process flowsheet? has remained essentially unchanged. The
essential steps consist of coating the fuel microspheres with carbon
by cracking a hydrocarbon gas at high temperature, blending the various
types of particles into desired ratios, cementing these together into
a fuel stick with resin and carbon, and finally loading the stick into
the graphite block and sealing the blocks.

For the fueled-graphite line a flowsheet has been established, a
critical path schedule has been developed, and a conceptual design of
all of the process equipment has been made. The major contributions
during the report period were the completion of the conceptual design
of the process equipment and an analysis of the data collection and
control requirements of the refabrication line. A computer-based system
for data collection and process control was indicated from this analysis.
The work completed represents less than 10% of the design requirement
of the line. A detailed description of the development work in support

of the TURF fueled-graphite fabrication line is contained in Chapter 4.

’J. D. Sease, "Fueled-Graphite Refabrication Equipment,' Status
and Progress Report for Thorium Fuel Cycle Development Dec. 31, 1966,
ORNL-4275, pp. 11-14.
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3. SOL-GEL PROCESS DEVELOPMENT

W. D. Bond P. A. Haas J. P. McBride

The sol-gel process development studies have been concerned primarily
with the preparation of thoria, urania, and plutonia (and their binary
mixtures), although many other oxide sols were also prepared in laboratory
studies. A primary current objective is to develop procedures and equip-
ment useful for remotely operated fuel preparation in the Thorium-Uranium
Recycle Facility (TURF). Results are presented for our studies of three
operations common to our sol-gel processes: (1) preparation of an aqueous
sol, (2) removal of water to give gel particles, and (3) firing at con-
trolled conditions to remove volatiles, to sinter to a high density, and

to effect any necessary reduction or chemical conversion.

S0l Preparation by Amine Solvent Extraction

B. C. Finney A, D. Ryon

A new method for preparing ThO;-UO3 and UO, sols was developed,l’2

in which an aqueous nitrate solution is denitrated by extracting nitric
acid with a long-chain aliphatic amine. The nitrate-deficient solution
is digested to produce the sol, releasing additional nitrate, which is
removed in a subsequent amine extraction. The amine nitrate is regener-
ated for recycle by contact with 1 M Wa,CO3. Two advantages this method
has over the old sol-forming method of dispersing solids in dilute nitric
acid are (1) it avoids remote handling of solids, and (2) it is amenable
to continuous operation.

On the basis of batch laboratory data, we designed and built an
engineering test unit for the continuous production of sols at rates that

are full scale for TURF (1 kg/hr of Th0,-UO3; or 0.33 kg/hr of UO,). The

1J. G. Mocore, A Sol-Gel Procegs for Preparing ThO,-UO3 Sols from
Nitrate Solutions by Solvent Extraction with Amines, ORNL-4095
(October 1967).

“J. P. McBride, Laboratory Studies of Sol-Gel Processes at the Oak
Ridge National Laboratory, ORNL-TM-1980 (September 1967), pp. 32—36.
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purposes of the engineering tests are: (1) to demonstrate the feasibility
of making both Th0,-UO3 and U0, sols continuously, (2) to measure the
effects of operating parameters, (3) to provide information for designing
remote equipment, and (4) to supply sols for use in development of sub-

sequent steps in the sol-gel process.

Equipment

Mixer-settlers were the contacting devices selected for the engi-
neering studies. Use of glass pipe permitted obgservation of the process
streams. The geometries of all components are criticality-safe. Only a
few piping changes adapt the same equipment to make either a mixed ThO,-
U053 sol or a pure UO; sol.’»* All components are vented to a common
header so that an inert atmosphere can be maintained over the UO; sol.

Details of the mixer-settler show in Fig. 3.1. The mixer, which is
made of 3-in.-diam glass pipe, is divided into six compartments, each of
which has a mixing impeller; the impellers are mounted on a common shaft,
The agueous and organic phases enter at the top and flow cocurrently
through the six compartments to give the effect of mixing vessels in
series; this arrangement ensures good stage efficiency. The mixer is
designed so that the aqueous phase is dispersed into the organic phase
to minimize emulsification. At shutdown, the aqueous phase is drained
from the mixer; thus, at subsequent startup only the organic phase is
present. In this manner the agueous stream is easily dispersed as it
enters the mixer.

Phase separation occurs in the section below the mixer. The posi-
tion of the interface is controlled by adjustable weirs on both the aque-
ous and organic overflow lines. The nominal volume of the mixing section
is 2.0 liters, while that of the settler is 2.8 liters of organic phase

and 1.5 liters of agueous phase.

T W. Snider, The Design of Engineering-Scale Solex Equipment,
ORNL-4256 (April 1969).

4Drawings of the mixer-settler equipment are available under the
number CAPE-1692 from Clearinghouse for Federal Scientific and Technical
Information, National Bureau of Standards, U.S5. Department of Commerce,
Springfield, Virginia 22151.
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Fig. 3.1. Mixer-Settler Stage.

The digester forms a part of the aqueous-phase jackleg of the first
nitrate extraction stage. It is a 2-ft length of 3-in.-dlam glass pipe
with an internal heating coil made of 3/8-in.-diam stainless steel tubing.
Heat is supplied by pressurized hot water circulating through the coil.
The sol flows upward to minimize longitudinal mixing. A reflux condenser
is connected to the top of the digester. An aftercooler ahead of the
aqueous-phase overflow weir cools the sol to about 60°C before it enters
the second stage. Effective volume of the digester is 2.8 liters.

Although an evaporator is not shown on the general flowsheet, such
a device is usually necessary to concentrate the sol to about 1 M before
microspheres are formed. A canned-rotor pump circulates the sol from a
flash chamber through the heater to a cyclone vapor-liquid separator.

The feed enters through the packed stripping section, where any entrained
solvent is removed. The concentrate flows out through a simple Jjackleg,

which maintains a constant liquid level in the body of the evaporator.
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The density, which is measured by a gas bubbler system, controls the feed
rate. The evaporation rate is set by manual control of the steam pres-
sure on the heater. The single-pass heater has three tubes, each of
which is 0.5 in. in diameter X 30 ft long. The sol is circulated at

about 15 gpm to obtain a high liquid velocity and hence s low temperature
differential in the heater. Back pressure from the cyclone separator pre-
vents boiling in the tubes. These features minimize local drying of the
sol. The evaporator can also operate under vacuum to allow evaporation

of U0, sols at low temperature and prevent oxidation of the uranium.

Preparation of ThO,-U03 Sol

The flowsheet used in most of our tests is Fig. 3.2. The aqueous
feed is a nitrate solution containing about 0.3 mole of metal (Th + U)
per liter; the thorium-to-uranium atom ratio is 3. The organic solvent

is 0.75 M Amberlite LA-2 (a secondary amine’) in a normal paraffin® having

°Product of Rohm and Haas Company, Philadelphia.

®Product of South Hampton Company, Houston.
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an average of 12 carbon atoms per molecule. Aqueous feed and partially
spent amine from stage 3 flow cocurrently through the first extraction
stage. The feed is contacted with about 30% excess amine (over the
stoichiometric amount required for complete denitration); about 80% of
the nitrate is extracted. The concentration of Th + U must be less than
0.5 M to prevent precipitation in this stage. Maintaining about 60 °C
improves phase separation. The aqueous phase is then digested at least
8 min at gentle reflux. As the sol forms, the color changes from yellow
to red-orange.

The additional nitrate released during digestion is extracted in
two stages. Amine leaving the first stage is used as the extractant in
the second stage so that the small amount of uranium that is extracted
in the first stage can be stripped back into the agueous phase in stage 2,
where the low nitrate concentration favors distribution of uranium into
the aqueous phase. Extracting with freshly regenerated amine in the third
stage facilitates the final removal of nitrate from the sol. The nitrate-
laden solvent is scrubbed with water to remove entrained sol and is then
regenerated with 1 M NaCOs.

Seven runs, each with 150 liters of feed, have been completed. The
equipment operated smoothly, interface control was satisfactory, and only
a small amount of emulsion was formed. Good-gquality sols were produced
at rates up to 1 kg/hr of oxide in all of the runs. Representative sam-
ples have been evaporated to greater than 1.0 M and formed into micro-
spheres. All of the sols from runs 3, 4, and 5 were evaporated to about
1.5 M in the full-scale continuous evaporator and formed into spheres in
the CPDL column, which is the prototype for TURF.

The first two runs were made with only two extraction stages and an
intervening step in which the aqueous phase was digested. (The solvent
was regenerated with 1 M NapCOs without prior scrubbing.) Although the
nitrate-to-metal mole ratio in the sol was in the range predicted by the
laboratory batch data, the equilibrium ratio obtained by shake-out of the
solvent and aqueous phases from the second stage was lower than the lab-
oratory ratio. Because the lower ratio was more desirable, particularly
for avoiding cracking during calcination of the microspheres, the sol

from run 2 was processed through two additional stages of extraction
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(run 3). This demonstrated that more nitrate could be extracted by
additional stages. Subsequent runs were made, using the flowsheet shown
in Fig. 3.2, in which three extraction stages were used. Detailed
results and analyses have been pu‘b]_:'Lshed.'7

The efficiencies of the mixer-settlers were calculated by comparing
the change in nitrate concentration in the aqueous stream across one
stage with that obtained by equilibration of the phases at a volume ratio
equal to the flow ratio. The efficiency exceeded 90% as the agitator
speed increased from 300 to 500 rpm., The few data points at 600 rpm show
greater than 95% efficiency. Increasing the flow rate to 150% of design
had no effect on the efficiency. The effect of temperature over the

range of 45 to 70°C was relatively small.

Preparation of U0, Sol

The preparation of U0, sols by solvent extraction has been success-
fully scaled up and operated continuously in engineering experiments.

We have made 40 runs, each producing about 2 kg of U0, as a dilute
(about 0.2 M) sol. Laboratory studies to characterize the sol and aid
in the engineering studies are still in progress. We have studied three
operating parameters that affect sol properties: nitrate-to-uranium
mole ratio during digestion, digestion temperature, and method for pre-
paring the initial U(IV) solution.

The basic method for preparing UO, sol by solvent extraction (see
the reference flowsheet in Fig. 3.3) was developed from laboratory batch
studies. Nitrate is extracted from aqueous U(IV) nitrate-formate with a
long-chain amine (e.g., Amberlite LA-2) dissolved in a paraffin. Diges-
tion of the resulting nitrate-deficient solution produces the U0, sol.
Final nitrate adjustment is obtained in subsequent extractions. The
amine is regenerated with sodium carbonate and recycled.

Most recent runs have used U(IV) feed that had been prepared in a
slurry reductor, in which finely divided PtO. catalyst is suspended in

a well-mixed uranium nitrate solution sparged with hydrogen. Since the

M. E. Whatley et al., Unit Operations Section Quarterly Progress
Report July—September, 1967, ORNL-4234.
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catalyst is reduced to metal and flocculates in the presence of excess
hydrogen, it settles very rapidly and is readily retained on a filter
when reduction of the uranium is nearly complete. The filter consists

of a flat disk of porous stainless steel (10-p pores) that forms the bot-
tom of the reductor. The reduction is monitored by measuring the redox
potential of the solution with a platinum electrode against a reference
glass electrode system. (Other reference electrodes such as silver-silver
chloride or calomel can also be used but are not as rugged and trouble-
free.) The end point is readily detected as a sharp break in emf, which
occurs when reduction has progressed to between 96 and 100% U(IV). The
feed composition was fixed at 0.6 M U02(N03) 2=0.4 M HNO3-0.3 M HCOCH, so
that the NO3/U mole ratio was 2.6 and the HCOOH/U mole ratio was 0.5.

Both a 1l.6-liter laboratory slurry reductor and a l4-liter unit

have been evaluated for supplying feed for the engineering tests of the

solvent extraction sol process. About 10 kg of uranium was reduced in
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the small reductor, demonstrating the feasibility of the slurry catalyst.
The large reductor was designed and built, based on the laboratory data.
The results of 20 runs, producing a total of 40 kg of U(IV), show excel-
lent performance. The platinum catalyst has shown no sign of loss in
activity or of decrease in filtration efficiency (14 liters filtered by
gravity in 12 min). Greater than 99.5% of the uranium was easily reduced,
very little ammonia was formed (NH3/U mole ratio = 0.002), and less than
10% of the formic acid was lost. (Some reduction techniques lead to a
substantial formic acid loss.) The rate of uranium reduction with 30 g
of PtO, ranged from 2 moles/hr with only a small excess of hydrogen (96%
utilization) to 3.3 moles/hr at 77% utilization.

The solvent extraction equipment operated very satisfactorily — in
20 runs, about 1000 liters of 0.2 M U0z sol was produced. No emulsion
or entrainment difficulties have been encountered. The entraimment of
solvent in the sol product has been consistently less than 0.01 vol %.

A small amount of entrained sol in the used solvent is scrubbed with
water to prevent loss of uranium to the waste. Although three extraction
stages have been uged in most of the runs, only two are needed because
the nitrate content of the sol changes only slightly in the third stage.
The stage efficiency has been consistently greater than 90% at a mixer
speed of 500 rpm.

Variation of the uranium concentration from 0.15 to 0.3 M (the ref-
erence concentration is 0.2 M) caused no difficulty, and good-guality
sols were produced; however, in two attempts a sol having 0.6 M U became
thick in the second extraction stage.

The digestion temperature was an important variable. At 50°C the
sol contains a significant amount of amorphous UO; (as determined by
x-ray diffraction). It gels at about 0.5 M U if it is evaporated imme-
diately after preparation; however, after aging overnight it can be con-
centrated to greater than 1.0 M and will remain fluid for more than 30
days. When the digestion temperature is increased to 60°C, the gol con-
tains more UO, crystallites, and the fresh sol can be concentrated with-
out gelling. To minimize oxidation of the uranium at the higher digestion
temperature, the laboratory flowsheet was modified to include the use of

excess amine in the first stage. This amine extracts sufficient nitrate
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to give a nitrate-to-uranium mole ratio less than 0.5. At a digester
temperature of 70°C, the sol has a shorter shelf life after concentra-
tion, perhaps because extensive oxidation of uranium occurs even at the
low nitrate-to-uranium ratio. The digester temperature also affects the
nitrate-to-uranium ratio in the sol product; the ratio averages 0.24,
0.10, and 0.07 in sol digested at 50, 60, and 70°C, respectively. From
20 to 70% excess amine has very little effect on the nitrate content of
the sol. The average size of the UO; crystallites in the sol product is
35 to 40 A and does not seem to depend on either the digester temperature
or the period of aging.

A digestion period of about 1 hr and a temperature of about 60°C
appear optimum after the first extraction stage. Further digestion after
subsequent extraction may also be beneficial,

Dilute sol (~ 0.2 M) must be concentrated to about 1 M U to facili-
tate the formation of microspheres. Vacuum evaporation below about 35°C
avoids overheating the sol, Because the sol is quite sensitive to oxida-
tion, exposure to air thickens or, in extreme cases, flocculates the sol.
Seven batches (each containing 2 kg of uranium) of dilute sol have been
successfully concentrated in the forced-circulation vertical-tube evap-
orator at the degign boilup rate of 15 liters/hr and an absolute pressure
of 30 torr. DNo foaming or scaling has been observed. Shelf lives of the
large batches of concentrated sol were shorter than that of the product
from the small laboratory evaporator. We believe that the reason is
inleakage of air and the resultant oxidation of uranium in the large
evaporator. In several runs in which large leaks were discovered the
sol thickened overnight; in other runs the sols were still fluid after
30 days.

Preparation of Urania Sols by Precipitation-Peptization

A. R. Irvine P. A, Haas

For the preparation of U0, sols at the Oak Ridge National Laboratory,
the first successful flowsheets were for batch precipitation-washing-

peptization processes. These processes were used to prepare a large
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number of enriched, natural, and depleted uranium s01s.%2%  The sol-gel

products for irradiation tests or other uses were all prepared by batch

precipitation procedures. Because of the criticality problems and the

number of operating steps inherent in the batch flowsheets, continuous

equipment would be preferred for large-scale remote operation. The

engineering development of continuous equipment for preparation of U0,

sols by precipitation-washing-peptization was terminated and reported.lo

A1l the flowsheets for preparation of U0, sols by precipitation require

the same principal operations:

1. reduction of uranyl nitrate to uranous nitrate by hydrogen in the
presence of a catalyst,

2. 7vprecipitation of uranous hydroxide by ammonia,

3. washing to remove NH,NO;, NH,OH, and other solutes,

4, dispersion with NO3 .

Continuous Equipment for Preparation of Precipitation U0, Sols

Since these studies were terminated and reported, only the conclu-
sions and recommendations from this report10 will be given here,

Continuous equipment can be used to prepare U0, sols by
precipitation-washing-peptization flowsheets. When mechanical
operation is good, the continuous systems give sols of the
desired chemical compositions and good visual appearance. How-
ever, these sols (particularly those from the continuous vacuum
evaporator) are not identical to those from batch equipment.
The characteristics of the sols and the conditions to form
them into UO, microspheres require further study.

The major problems were with respect to mechanical opera-
bility and dependability with transfer of precipitate as the
major source of operating difficulty. By increasing the pipe
sizes to 1/2 inch diam minimum and limiting the slurry concen-
trations to 50 gU/ﬂ or legs, the acid-egg type pumps between

8w. D. Bond, A. B. Meservey, and A, T. Kleinstuber, Status and
Progress Report for Thorium Fuel Cycle Development Dec. 31, 1965,
ORNL-4001, pp. 41-46.

°P, A. Haas and J. P. McBride, Status and Progress Report for
Thorium Fuel Cycle Development Dec. 31, 1966, ORNL-4275, pp. 15-27.

Op, A. Haas, Engineering Development of Continuous Sol-Gel Equip-
ment for Preparing UO, Sols by Precipitation-Peptization Processes,
ORNL-TM-2227 (July 1968).
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washer stages were improved to marginal acceptability. When
the requirements for remote operation are considered, there
are minor mechanical operating problems without obvious solu-
tions. These would probably always be sources of difficulty,
but could be tolerated if no alternatives were availlable.

The preparation of U0, sol by solvent extraction as reported
elsewhere has very few mechanical problems.

The principal conclusions with respect to individual
operations were:

(1) The continuous, high-pressure reduction system
adequately met the chemical flowsheet requirements.
The low-pressure reduction procedures recently
developed are now preferred and the high-pressure
reduction flowsheets are obsolete.

(2) The continuous precipitators, as revised, operate
without difficulty other than those from feed
metering problems.

(3) The precipitation can be controlled by metered
flows, but pH indicators in the slurry are not
dependable,

(4) Washing is excellent in the stage washers with
stage efficiencies of about 80%, but the transfer
of precipitate between stages is still of marginal
acceptability.

(5) Washing in a countercurrent column gives HTU
values of 2.3 to 3.6 feet. Fifteen to twenty feet
of column would be desirable to give good washing
although twelve feet gave acceptable washing for
most tests.

(6) Settling of the washed precipitate to give uranium
concentration of more than 0.5 M in the sol is not
practical,

(7) The continuous peptizers give adequate dispersion
with no clear chemical advantages or disadvantages
if the slurry, HNO;, and HCOOH flow rates are
controlled.

(8) We do not have an adequate pump to meter washed
precipitate from the washer into the peptizer
system.

(9) The use of a vacuum evaporator for concentrating
U0, sols has been adequately demonstrated in other
sol preparation studies.

(10) The chemical flowsheet conditions have much more
effect on the sol characteristics in continuous
as compared to batch flowsheets.
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(11) The sols from the continuous preparation equipment
(particularly those from the continuous vacuum
evaporator) are not identical to those from batch
equipment. Their characteristics and the condi-

tions required to form them into UO, microspheres
require further study.

Batch Preparation of Precipitation U0, Sols

Most of the natural-urania sols were prepared in a batch apparatus
(1 kg UOg/batch) with precipitation to a pH of 8.1 to 9. Precipitation,
washing, and dispersion were all done in a single PFP (precipitation-
filtration—peptization) vessel with a 12-in.-diam porous stainless steel
plate as the bottom and a slow paddle-type agitator. Supernates (present
after precipitation and after each of four washing steps) were removed by
filtration. To wash, 10 liters of H,O was agitated with the 5 liters of
slurry or cake remaining on the filter. Peptization was accomplished by
agitation and heating after the addition of HNO; ahd HCOCH. Precipitation
to pH of 7.3 to 7.5 and washing with hydrazine in the wash water (as shown
for enriched uranium in Fig. 3.4) gives a more dispersable precipitate and
a more stable and less thixotropic sol.

The equipment for preparation of enriched U0, sols (300 g 235y per
batch) was moved to an alpha laboratory in Puilding 3019. The reduction
apparatus is a laboratory flask slurry reactor modified to use the
oxidation-reduction electrodes. The sol preparation vessel is of the
PFP type with a 9-in.-diam stainless steel filter. The flowsheet currently
in use (Fig. 3.4) incorporates additional washing and less nitric acid
addition for peptization to give more fluid and stable sols. Table 3.1
lists recent analyses of PFP sols. After one more demonstration run, the
routine preparation of enriched urania sol will be turned over to Pilot
Plant personnel.

A slurry reduction reactor of 25-liter capacity was installed for
the PFP preparation of natural UQz sol. With 20 g of platinum slurry cata-
lyst, 8-liter batches of uranyl nitrate were reduced at rates of 2 to 3
moles U(IV) produced per hour. As compared to the previously used fixed-bed
reactor, the slurry reductor has no holdup of uranium and eliminates
the anomalous initial batch after long shutdowns of the fixed-bed

reductors.
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Table 3.1. Analyses of Precipitation (PFP) UO, Sols®

Vessel Uranivm Uranium Mole Ratios, mole/mole ) Sol
Diameter Frrichment Sol Concentration — - Conductivityb

(in.) (M) Uu(Iv) NO3 C HCO0O (mhos)

X 1076

9 Natural ET-2 0.90 0.90 0.142 0.34 5050

93% s-8 0.90 0.88 0.163 0.24 6600

93% S-9 0.83 0.89 0.155 0.29 ~ 4800

12 Natural F-125 0.98 0.89 0.124 0.23 0.22 6700

Natural F-126 0.91 0.88 0.132 0.24 0,25 7000

Natural F.127 1.04 0.89 0.134 0.25 0.24 8700

Natural F-128 1.01 0.90 0.143 0.29 0.30 7000

Natural F-129 1.01 0.80 0.145 0.25 0.25 7000

®Flowsheets: batch precipitation~filtration-peptization in agitated filters with

precipitation at pH of 7.4 to 7.6 as shown in Fig. 3.4,

bMeter readings; corrected absolute values are about 1.8 times meter readings.

ge
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Microsphere Preparation Process Development

P. A. Haas S. D. Clinton C. C. Haws

The preparation of samples of and the development of equipment and
procedures for small spherical particles have continued. In these pro-
cesses, droplets of sol are gelled by extraction of water into an immis-
cible organic liquid such as 2-ethyl-l-hexanol (2EH). The following
operations are required:

1. disperse the sol into droplets,

2. suspend these droplets in the 2EH to extract water and cause
gelation,

3. separate the gel microspheres from the 2EH,

4. recover the 2EH for reuse,

5. dry and calcine the gel microspheres.

Feeding and Dispersion of Sol

No sol disperser is optimum for all the fluidized bed sphere forming
operations. The two-fluid nozzles with laminar flow of the 2EH and vari-
cose breakup of the sol stream is the most flexible, useful, and reliable
dispersion device, Other devices are simpler for large sol drops. The
two-fluid nozzles have capacity limitations that are lower and more
restrictive as the sol drop diameter decreases.

To obtain a controllable and uniform dispersion of sol as drops in
an alcohol, a controllable and uniform force should be applied to a uni-
form configuration of undispersed sol. Formation of the new surface
requires energy. But dispersion is usually very inefficient, and most
of the energy supplied is dissipated as fluid friction. An important
practical requirement is capacity, and the number of drops per unit
weight increases with the inverse cube of the diameter., The sol viscos-
ity and the sol-alcohol interfacial tension are variable and difficult
to control; therefore, control is simpler if these are not significant
variables for disperser operation., The uniform and controllable config-
uration of sol is usually obtained by feeding the sol through 0.004- to

0.040-in., -ID capillaries or orifices. The forces to disperse the sol



37

may be from gravity, fluid shear or drag, inertia, interfacial tension,
electrostatic repulsion, and centrifugal effects. Even when one type of
force is controlling, one or more other types are commonly present and
complicate the disperser operation.

The apparently preferred dispersion devices depend on the overall
requirements (Table 3.2). Two-fluid nozzles are the most flexible and
reliable for small-capacity experimental tests. Multiple two-fluid noz-
zles provide higher capacities but require careful cleanout and assembly.
Other devices can give better uniformity and simpler operation for large
drops.

Sol drops from capillaries that are mechanically connected to and
vibrated by electronic vibrators are more uniform at optimum conditions
than those from any other disperser. The natural breakup of a liquid
Jjet is the mechanism for varicose operation of the two-fluid nozzles.
The vibrating capillary imposes a controlled frequency on the breakup of
the liquid Jjet. A simple, sinusoidal displacement of the capillary tip
appears to be the best wave shape. The sol streams from vibrating cap-
illaries are thickest at the extreme displacements, where the velocity
is low or zero, and thinnest at zero displacement, where the velocity is
a maximum. This greatly favors the formation of two drops per cycle of
vibration. In practice, the Jet velocity and amplitude of vibration
must be adjusted to optimum conditions.

The vibration sources for most of the studies were Agac Derritron
model VP-2 vibrators. These are constructed like loud speaker coils and
are supplied with sine-wave potentials of controlled frequency and volt-
age. The movable coll is not intended to support large weights, and any
secondary vibrations will adversely affect the dispersion, The repro-
ducibility and durability of the vibrating capillaries were greatly
improved by suspending them at the ends of pivoted arms.

The most serious limitation of the vibrating capillary dispersers
is that they must be observed visually and "tuned" with respect to ampli-
tude and frequency each time they are used. The sol stream may be dis-
placed to an amplitude greater than the displacement of the capillary
tip. If the sol stream amplitude is too small, the oscillations will

damp out and the sol will break up by its natural varicose mechanism



Table 3.2,

Preferred Sol Dispersion Devices for Several Types of Operation

Product

Device Mechanism and Force Mean Diameter Cap201Fy Sol Froperties
(1) (em” /min) Allowable

Orifices in plastic bucket  Free fall drop, > 400 Any Must be fluid and uniform
gravity

Multiple nozzle with Flectrostatic plus > 250 Any Must be fluid

electrical potential gravity

Vibrating capillary Interfacial tension > 200 < 25 Must be fluid
and inertia

Two-fluid nozzle Varicose, interfacial 100 to 300 <5 Variable
tension

Two-fluid nozzle Modified free fall, 200 to 600 < 10 Variable
gravity and drag

Multiple two-fluid nozzle Either varicose or 200 to 600 < 50 Must be fluid
modified free fall

Two-fluld nozzle Turbulent, fluid shear < 100 Any Variable

and drag




39

instead of at the vibration nodes. If the amplitude is too large, the
stream will spray out to give many nonuniform drops per cycle. The opti-
mum conditions depend on a large number of variables including the sol
viscosity, the sol density, the velocity from the capillary, the vibra-
tion frequency, the capillary diameter, the presence of secondary vibra-
tion frequencies (even of small amplitude), and the arrangement of the
pivot arm, the vibration source, and connecting lines.

The ranges of conditions that give the best operation are limited.
The average sol velocity in the capillaries should usually be 60 to
100 cm/sec. The sol properties are fixed by the sol feed available, and
dilution to decrease the viscosity is usually the only independent sol
variable. The sol drop size is easily calculated from the sol flow rate
and the number of drops per unit time. The relationship for two drops
per cycle is

D, = 2500(F/f) EN (1)

where F is sol flow in cm3/min, f is vibration frequency in cps, and

D; is the drop diameter in u. For sol jet velocities from 60 to 100 cm/sec
good dispersion is usually possible for some amplitude at any frequency
between 30 and 120 cps and usually up to 160 cps. The best amplitudes

are usually in ranges of 1 to 4 mm for less than 60 cps and 0.2 to 2 mm
above 60 cps. Stable operation was possible at some freguencies up to

800 cps but for 200 to 800 cps was for limited ranges of conditions,

which depended on resonance effects.

Operating conditions for the vibrating capillary dispersers are
generally selected as follows. The sol drop size is calculated for a
known product size and the sol concentration. An f/F value in
cps/(em” /min) is determined from Eq. (1) or a graph (Fig. 3.5). The sol
flow rate, F, and capillary size are matched to be within the preferred
60 to 100 cm/sec range and selected to keep f below 160 cps if possible.
The amplitude of vibration is adjusted to locate the best dispersion
conditions for the selected sol flow rate, capillary size, and frequency.
Tf the dispersion is not good at any amplitude, the sol flow and frequency

are changed together to keep the f/F ratio required to give the desired
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Fig. 3.5. Diameters of Sol Drops Produced by Vibrating Capillary
Dispersers as a Function of f/F.

sol drop size. Since Dy is proportional to (F/f)l/3, the F/f ratio can
be varied small amounts with only one-third as much percentage change in
D;. Experience with "tuning" the disperser is important and leads to

more effective operation than any instructions without experience.

Fluidization

A tangential flow to produce a swirl at the bottom of the fluidized
bed may greatly improve the fluidization for laminar flow. The tangen-
tial inlet is below the bottom of the bed. The swirl extends with
decreasing intensity on both sides of the tangential inlet, and its
effect becomes negligible at 0.5 to 3 £t up the bed.

The amount of swirl can be varied along with the superficial fluid
velocity to control the fluidization behavior. Thus, for a given column
and fluid, there are optimum amounts (or perhaps ranges) of swirl and
superficial fluid velocity; these amounts depend on the diameter and den-
sity of the particle to be fluidized. The energy required to give a
specified amount of swirl would depend on the configuration of the column,

the fluid viscosity, and other parameters.
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Two fluidization flow inlets, a tangential inlet to produce swirl
and a nontangential or "upflow" inlet, provide a simple, independent
control of the amount of swirl and the superficial velocity. The two
flows together give the superficial flow. For a constant total flow,
the amount of swirl is increased by increasing the fraction that enters
through the tangential inlet. A smaller tangential inlet area results
in a higher velocity and thus more swirl from the same tangential inlet
flow. In theory, the tangential inlet size could be optimized for one
specified combination of conditions without use of the second flow. In
practice, changing the inlet size is difficult but controlling two flows
1s simple.

Operating Procedure. — The optimum swirl and upflow are selected

by visual observation of the fluidized bed in the glass columns. The
holdup time is selected from consideration of the sol drop diameter and
measurement of gelation times. After the first sol drops have been in
the column this selected time, the flows are adjusted to allow gel
spheres to drop through the column's minimum cross section. The split
between upflow and swirl flow can be adjusted to the minimum total flow
by observing where the spheres fall out of the fluidized bed. If the
spheres fall out near the wall, increasing the swirl and decreasing the
upflow will give a better flow split. If the spheres fall out in the
center three-quarters of the column, a better flow split comes from
increasing the upflow and decreasing the swirl. The minimum total flow
and optimum fluidization are generally with some of the spheres dropping
out through the center and most of them dropping out near the wall. The
rate of discharge of spheres will be cyclic or fluctuating. The fluidi-
zation is not as smooth at the beginning as it is after the bed approaches
a steady state.

Examples. — The use of the tangential inlet will be illustrated for
fluidization in columns with minimum inside diameter from 1.5 to 2.0 in.
The swirl to improve fluidization has been used in sol-gel sphere-forming
columns from 0.25 to 3 in., minimum inside diameber and for gel spheres
80 u in diameter to sol drops 1800 u in diameter. The product spheres
smaller than 150 u in diameter settle slowly and gel rapidly, so good

fluidization is not required. Fluidization is less troublesome in the
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columns smaller than 0.5 in. in diameter. Therefore the most significant
results are for the larger columns and larger sphere diameters.

The conditions for discharge of product spheres from the bottom of
the fluidized bed are viscosity of 2EH about 7 centipoises and solid-
liquid density difference about 3.0 g/em’; density of 2EH is 0.83 g/cm’.
Thus we have laminar flow settling (Re < 3) for spheres up to 480 pu, and
Stokes' law is adequately accurate for spheres no greater than 600 u.

The fluidization results are correlated by a ratio of the super-
ficial fluild velocity at the minimum column inside diameter to the
Stokes' settling velocity for the fluidized spheres. In theory, a uni-
form flow would keep the spheres in the fluidized bed when this ratio is
at least 1. For all upflow and no swirl, ratios of 2 or 3 still allow
loss of spheres at the wall and give undesirable axial mixing throughout
the bed. With the optimum swirl, the fluidization is good for continuous
discharge of product spheres at ratios of 1.4 to 1.2 for 350- to 600-u
gel spheres (Fig. 3.6). Larger spheres can be fluidized at lower ratios
(about 0.8) because of the centrifuging effect previously mentioned.

The ratio is calculated on the basis of dgo; 80 wt % of the gel spheres
are smaller than this diameter. The dgp is used instead of dsg because
the conditions must be selected to fluidize the larger spheres present.

The preferential discharge of spheres with the highest settling
velocity was shown for gel spheres varying in size. The fluidizing flow
into a fluidized bed of ThO, gel spheres was reduced until about half of
the bed was discharged through the 1.5 in. minimum diameter. The spheres
discharged and those remaining in the column were collected, dried, and
sieved separately. The ratios of the weights discharged to the weights
retained decreased by about factors of 10 for each U.S. Sieve Series
size range (Table 3.3). The common cylindrical fluidized bed would give
mixing throughout the bed and would not give any significant size separa-

tion for this range of sizes.

Mass Transfer During Gelation

The rate of water extraction from thoria sgols was investigated by

fluidizing single thoria sol droplets in 2EH and measuring the drop
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Table 3.3, Size Separation in a Fluidized Bed With
Laminar Flow Using a Tangential Inlet®

Sphere Size Amount Amognt Di scharsed '
Discharged Retained Retained /
U.S. Sieve Diameter (g) in Bed
(mesh) () € (g) Ratio
30 +35 500590 12.0 0.2 95.0
—35 +40 420-500 88.0 8.0 11.0
~0 +45 350420 80.8 100.1 0.80
~45 +50 297350 10.0 113.0 0.08¢8

aConditions:' ThO, gel spheres; fluidizing alcohol
density 0.83 g/cmj and vigcosity about 7.0 centipoises; sphere-
liquid density difference of about 3.0 g/em’.

diameter with time until shrinkage no longer occurred. Diameter data
from both water and sol drops were obtained at 25°C., The experimental
variables were drop diameter (0.10 to 0.20 cm), sol molarity (O to

2.5 M), and water concentration in the bulk solvent (2 to 12 mg fem”) .
The complete results and procedures were reported.ll

The Sherwood number for the water and sol droplet data was a linear
function of the product of Reynolds number to the 1/2 power and Schmidt
number to the 1/3 power. The common correlation for the fluidized water
and sol drops verified a proposed mass transfer model based on an organic
phase film surrounding the drop as the rate-controlling resistance. The
drop Reynolds number was based on an average organic fluidizing velocity
and varied from 0.2 to 7. The Schmidt number for the system was fixed
at 35,700.

During the extraction of water, the mass transfer coefficients for
fluidized sol drops depended only on the increasing thoria concentration.
By correlating the mass transfer coefficients with the density difference
between the sol and 2EH, we derived an expression to predict the
gelation time required for any initial sol molarity and drop

diameter.

g, . Clinton, Mass Transfer of Water from Single Thoria Sol
Droplets Fluidized in 2-Ethyl-1-Hexanol, ORNL-TM-2163 (June 1968).
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Control of Alcohol Compositions

For a specified sol feed, the composition of the organic fluidizing
medium is the principal operating variable for minimizing problems. Vari-
ations in surfactants, H,O content, alcohol composition, and pH can all
change the amounts of sticking, clustering, coalescence, cracking, or
distortion. Variations in these problems normally do not require varia-
tions in the column configuration or the fluidizing flows; good config-
urations and good fluidizing conditions are relatively independent of the
sol characteristics and operating problems. The sol characteristics are
the most important quantities, but these cannot be varied after the sol
is specified. The usual procedure with a new sol is to start with a com-
monly used alcochol composition and then vary it to obtain satisfactory
operation.

Demonstration Run Criteria. — Successful continuous operation of a

sphere-forming column depends on controlling the alcohol composition
within satisfactory ranges. This is still largely a complex and diffi-
cult empirical art. There are several significant time criteria for the
column conditions. If the initial conditions are not satisfactory, this
will become apparent by the time the first particles are completely
gelled. The sphere-forming behavior after 1 hr may change slowly as sur-
factants are depleted or degraded. Normally these changes are tolerable
for at least 10 hr and sometimes as long as 100 hr. We are convinced
that satisfactory long-term operation requires additions of surfactants
to the 2EH. While continuous additions should be ideal, additions every
6 to 12 hr of operation appear completely adequate., The periodic addi-
tions must be the right amounts to give satisfactory column operation
after a long-term equilibrium is reached. Thus, demonstration of satis-
factory column operating conditions requires several steps as follows.

1. Demonstrate satisfactory initial operation. This will be for
more than 1 hr with a sol feed volume greater than 5% of the fluidized
bed volume,

2. Demonstrate a surfactant addition schedule that prevents unsat-
isfactory depletion of surfactant. This will require more than 50 hr

cumulative operation and a volume ratio (sol feed/2EH inventory) > 0.5.



3. Demonstrate satisfactory long-term operation without excessive
accumulation of surfactants or degradation products. We consider more
than 200 hr and (sol feed/2EH inventory) > 2 significant.

The first step demonstrates an acceptable initial composition., Dis-
tortion and cracking can be determined with just a few particles. But
sticking, clustering, and coalescence depend on the inventory of sol
drops and partially gelled spheres and on the loading of the fluidized
bed. For this reason, the 1l-hr time and 5% volume criteria are necessary
to fully demonstrate satisfactory initial conditions.

Our limited surfactant depletion data mostly show apparent surfac-
tant half-lives of one to two days. This depends on the sol and on the
still temperature., The surfactant addition schedules we have used agree
with this rate of depletion. If we do not add enough surfactants to
maintain the initial concentration the long-term equilibrium amount may
be too low. This will show up from the step 2 demonstration criterion.

The third step is to check on the effects of long-term accumulations
of surfaccants or degradation products. The only certain test is to
actually operate for the full time of interest. However, we feel that
200 hr without visible effects is significant. Much longer times are
then probably possible, as effects of long-term accumulations are
unlikely to show up and become intolerable in a short time. Also, the
2EH could be completely reprocessed or replaced after more than 200 hr
if absolutely necessary.

Effects of Column Operating Variables. — Any selection of column

operating conditions represents a compromise of conflicting requirements.
Any change to lessen one problem usually increases another. Since the
significance of the different problems for a new sol can be determined
only by testing that sol, the best operating conditions for a particular
sol can be determined only experimertally. Once the operating problems
have been so identified, previous experiences show which changes are
most likely to provide solutions.

Our principal experiences with column operating problems are gen-
eralized in three tabulations., Table 3.4 lists the operating problems
and the changes in variables that significantly lessen the problems for

ThO, or UO: sols. The experiences with ThO;-U0z, ThO,-U03, Pulp, and



Table 3.4,

Microsphere Preparation Column — Generalized Results and Variables
for Operating Problems with ThO; and U0, Sols

Column Operating Problem

Surfactant Concentration

Changes to Minimize Problem

Drop Diameter
Change to Minimize

Remarks

Change Order of Effect? Froblem
Coalescence of drops Increase S-80, A-0, E/l5a Not certain Not a controlling problem
(while fluidized)
Sticking to column wall Increase $-80, A-0, E/l5a Increase Much more likely for poor
(usually near top) sols and nonuniform drops
Clustering of partially Increase $-80 Increase Much more likely for poor
dried drops sols
Distortions of dimple type. Decrease amine E/15, A-O Decrease Not a problem for pure ThO;
Extreme is shell (perhaps Increase Span $-80 sol
due to premature surface
gelation)
Other distortions. Extreme  Decrease Span $-80 Decrease More likely for good sols
is raisin shape (perhaps Increase amineb E/l5, A-O
due to low interfacial Decrease amine® A-0, E/15
tension)
Cracking of spheres (perhaps Decrease E/15, A-0, $-80 Decrease Sol is most important vari-

due to excessive concentra-
tion gradients in gel)

able, but cracking also
depends on H»0 in 2EH and
drying-firing conditions

8 isted in order of effectiveness; S-80 for Span 80, A-O for Amine-0, and E/15 for Ethomeen $/15.

bAmines can compete with and decrease effect of Span 80; amines can also cause distortions.

L7
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U0, ~-Pu0s sols are similar. Table 3.5 gives the same type of information
organized to emphasize the conflict in requirements and which effects
may be controlling (principal) and which are usually not controlling
(secondary). Table 3.6 shows which characteristics of the sols seem to
contribute to operating problems.

Most operating problems are solved by varying the Span 20,

Ethomeen $/15, and H,O contents in 2EH as the fluidizing alcohol. If
these variations do not allow satisfactory operation, then we consider
improving the sol. In only a few cases, mostly borderline situations,
other variables have provided the solutions to operating problems. The
most important was operating the column at 40 to 50°C to reduce clus-
tering for sols containing carbon black. The normal temperature of Z2EH
in the column is about 30°C. The ThO, and U0, sols cluster much worse
if the temperature is increased, but the same sols with carbon added for
carbide preparation cluster less if the temperature 1s increased.

We tested a number of variables without finding any conditions gen-
erally superior to those already described. A common result was a small
advantage with one sol but poorer results for most sols. Amine O is a
useful surfactant similar in effect to Ethomeen S/15, but it has not
given us any result superior to Span 80 and Ethomeen S/15 together. Gel
spheres may be formed in other alcohols, such as octanol-2, methylpen-
tanol, isocamyl alcohol, or alcohol mixtures. For the fluidized bed col-
umns, the solubilities of HpO in 2EH and 2EH in H,0 appear to be a
better combination than those for any other alcohol.

Still Operation and Water Content. — The water content of the 2BH

in the column is controlled by controlling the flow of 2EH through and the
temperature in a single-stage distillation. The water content for
steady-state operation is easily calculated from material balances.

From 75 to 90% of the water in the sol is extracted into the 2EH. At
steady state, the water content in the column is constant and the water
input from the sol equals the still 2EH flow rates times the difference

in HpO content for the 2EH flows to and from the still., The water con-
tent in the 2FEH returning to the column from the still is determined by

the still temperature. Values we use for our usual still temperatures

are:



Table 3.5,

Effects of Column Conditions on Formation of ThO,-UO3 Gel Spheres

Change

Favorable Effects

Unfavorable Effects

Principal

Secondary

Principal

Secondary

Increase span

a
Increase Ethomeen
Increase H,0 in 2FH

Add HNOs to 2EH

Increase sphere diameter

Digestion of sol

Higher NO; in sol

Less sticking
(clustering)

Less raisin
distortion
None

None

Less sticking

Less cracking

More fluid

Less dimple
distortion

Less stickinga
Less cracking

Less dimple
distortion
Less cracking

Less clustering

Raisin distortion

More

None

More

More
More

More

More

cracking

clusteringb

cracking
distortion

clustering

cracking

More cracking

Dimple distortion

More clustering,
longer gelation time

Longer gelation time

More clustering

®Fthomeen appears to "compete" with Span and decrease both the principal favorable and principal

unfavorable effects of Span when both are present.

It "buffers"” the effects of Span.

bAdditions of HNO3 have temporary effects; we have no experience with continued pH control of

the 2EH,

6y



Table 3.6,

Effects of Sol Characteristics on the Formation of Gel Spheres

Sol Deficiency

Deleterious Effects on Gel Sphere Formation

Principal

Secondary

High nitrate /metal mole ratio

Finely divided suspension
instead of true sol

Large fraction of amorphous
(noncrystalline) material

Thick; thixotropic (thick UO;
sols are thixotropic)

Thick; high viscosity (thick
ThO;-UO3 sols are relatively
nonthixotropic)

!
Low-metal concentration

Low U(IV)/U ratio in U0, sol

High HCOOH concentration in
U0, so0l

Cracking, clustering,
sticking

Clustering; raisin dis-
tortion; rough surface;
low strength

Cracking

Precipitation; clustering;
raisin distortion

Raisin distortion;
clustering

Dimple distortion; prohibits use of
2EH with other sols

Shedding of fines into 2EH; coagulation
of suspension to give sphere of solids
in drop of H:0

Dimple distortion

Sol difficult to feed and disperse;
clustering; sticking

Difficult to feed and disperse; dis-
torted particles

Clustering; dimple distortion; raisin
distortion

Same as for (B) above

Prohibits use of 2EH with other sols

®Less than one-half the concentration required for gelation,

0g
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2EH temperature, °(C 140 150 160
Water content, vol % 0.7 0.5 0.35

The 2EH loses some surfactant from still operation, and the loss
increases as the still temperature is increased. Thus the amounts of
surfactants needed and the accumulation of degradation products depend
on the still temperature. We feel that 2EH temperatures above 155°C are
definitely undesirable. If temperatures below 140°C are used the still
REH flow must be greatly increased. The desirability of an upper temper-
ature limit requires that the still be designed and operated to avoid
localized overheating. Steam heat accomplishes this very effectively.

The water content of Z2EH can be measured by an in-line determination
of boiling point. This was demonstrated by an apparatus in which a
small, metered stream of 2EH was heated electrically with sufficient
power to heat dry 2EH to its boiling point (183°C). The vapors are com-
pletely condensed and returned to the heated pot by an oversize, close-
coupled condenser. The pot temperatures remained at approximately the
inlet 2FH boiling point independent of moderate changes in heat input or
2EH flow rates. The relatively large, regular change of boiling point
from 183°C for dry 2EH to 99°C saturated with water can thus be easily
measured and calibrated to show the water content.

Example of Operating Conditions. — Most column operating problems

are solved by varying the Span 80, Ethomeen S/l5, and H»,0 contents in
the 2EH. The sol characteristics and still temperature are important
variables; thus, the operating conditions may change considerably for
what appear to be small changes in the sol or the still.

The initial surfactant compositions and surfactant addition sched-
ules for the most important sols are listed in Table 3.7. The signifi-
cance of the addition schedules depends on the demonstrated operation
listed for that schedule. The schedule for ThO, has been demonstrated
for more than 200 hr, but some others are proposed schedules with no
long-term demonstrations. Low water contents in the 2EH sometimes cause
more cracking, whereas high water contents result in slower gelation and
sometimes more clustering. These effects are usually noticed only for

such extreme water contents as less than 0.7 and 2 vol %. Changes in



Tsble 3.7. Initial Surfactant Concentrations and Addition Schedules
for 2EH in Fluidized Red Columns®

Additions per 68 hr

Initial Based on 2EH Based on Sol Fed
Type of Method of Concentrations Volume S(cmB/l't ) Demonstrated
Sol Preparation (vol %) (vol %) Luer for
Ethomeen Ethomeen Ethomeen Period
Span 80 5/15 Span 80 S/15 Span 80 S/15 Step (1r)
ThO, Hydrothermal 0.05 0.2 0.01 0.05 2 10 3 > 200
denitration
U0, Precipitation at 0.8 0.1 0.1 0.02 20 5 2 50
pH 9
U0» Precipitation at 0.4 0.05 0.02 0.01 5 2 2 50
pH 7.5
ThO,-U05; Solvent extraction; 0.2 0.05 0.02 0.01 5 2 2 50
Th/U = 3
ThO,-U05 Solvent extraction; 0.2 0.05 0.05 0.01 10 1 2 50
Th/U = 4.25
U0 Solvent extraction; 0.2 0.05 0.02 0.01 5 2 2 30
~ 0.2 M U feed
U0, Solvent extraction; 0.4 C.05 0.03 0.01 8 2 1 1

> 1M U feed (CUSP)

&0ther conditions: about 1.2 vol % Hz0 in 2EH; temperature of 2EH in still, 155°C.

s
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water content in the normal 1.0 to 1.5 vol % range are rarely a

controlling variable and most demonstration runs were in this range.

Preparation of Small (< 100-p-diam) Spheres

The relative importance of operating problems for forming micro-
spheres is much different for small (5- 4o 300-u mean diameter) than for
large (300- to 2000-u mean diameter) sol drops. Products from the
smaller diameters are important for some uranium fuel cycle applications;
therefore, we tested procedures and equipment to prepare the smaller
sizes more efficiently.

Several dispersers were tested for preparing uniform drops with
mean diameter controlled in the range 50 to 300 p. None of the disperser
mechanisms that gave uniform drops in the 300- to 2000~) range were prac-
tical for 50 to 300 p. The capacity of a two-fluid nozzle with stream-
line flow was too small. The other mechanisms were completely ineffective.
Three dispersers were used to prepare samples with mean drop diameters in
the 50- to 300-u range. A paddle agitator in a baffled vessel gave mean
sol drop diameters up to 200 p depending on the speed, but the uniformity
was poor. A vibrating nozzle-plate agitator at 60 cps gave uniform drops
within a 20- to 60-u mean diameter range, depending on the amplitude, but
it was not effective for larger drops. Either agitator could be con-
trolled to give larger drops if an organic liquid denser than 2EH was
used,

We presently use two-fluid nozzles with turbulent flow of the alcochol
drive fluid to give 20- to 150-u mean sol drop diameters and much higher
sol flow rates than for varicose breakup with streamline flow. The uni-
formity is poor compared to the varicose breakup for streamline flow but
is good when compared to other dispersers for the same small drop size.
In the turbulent two-fluid nozzle, turbulence of the continuous (alcohol)
phase flowing through a tube provides uniform and controllable forces for
dispersion of a sol stream introduced into the channel. The degree of
turbulence is easily and reproducibly varied by varying the alcohol flow
rate. The transition from viscous or laminar flow to turbulent flow is
commonly recognized to depend on the Reynolds number. The localized

forces that cause dispersion and the sizes of the turbulences in the



54

turbulent two-fluid nozzle depend on the channel dimensions and continuous
fluid properties in addition to the Reynolds number,

The important function of this disperser is to use controlled tur-
bulence as the primary force to disperse the sol into a flowing alcohol
stream, The promotion of turbulence by the sol inlet configuration and
the addition of shearing forces to the turbulent forces are unavoidable
accessory effects, which supplement the basic function. The sol stream
from a capillary inlet gives a uniform configuration. The force causing
dispersion is easily controlled and is more uniform than the somewhat
similar forces for dispersion by agitation or by fluid-driven atomizing
nozzles. According to literature on dispersion by agitation, the sol
vigcosity is probably not a controlling variable if it is of the same
magnitude as or less than the alcohol viscosity.

The results from turbulent two-fluid nozzle operation have been
correlated by dimensional analyses. The dimensionless relationship

developed is
_ 0.1 -1.5
Dsol/ID = 1630(G/F) Re s

where DS is the sol drop diameter, ID is the alcohol flow channel diam-

eter, G zi the alcohol flow rate, F is the sol flow rate, and Re is the alco-
hol Reynolds number. For our two-fluid nozzle configuration with the

sol inlet capillary perpendicular to the axis of the alcohol channel,

this expression was valid for Re > 600, perhaps due to promoted turbu-

lence for 600 < Re < 2000, Terms for ratios of the viscosities and den-
sities of the alcohol and sol were omitted from the equation because we

do not have data to determine their components. Table 3.8 lists data to
illustrate the range of variables. The relationship in our common units

becomes

D = 7.0 x 10© ID?+5ute5 ple4p0e?

sol ?

where D_ . is in u, ID in cm, G in em’ /min, F in cm’/min, and p is the

ol
alcohol viscosity in centipoises.



Table 3.8. Equation Fit for Turbulent Two-Fluid Nozzle Dispersersa

Nozzle Alcohol Mean Sol

Alcohol Flow, G Alcohol Viscosity, M Sol Flow, F . Calculated
D 328 .. ? ER Reynolds  Diameter, Dgoy
(om) (em’ /min) (centipoises) (em” /min) Hmber (1) Value of k
0.15 520 2.5 7.6 2440 25 1340
0.195 330 5.0 4.9 595 230 1120
520 5.7 4.9 825 185 1420
560 2.2 9.6 2240 40 1450
620 5.1 4,9 1100 165 1910
860 2.0 9.6 3790 20 1490
0.200 210 2.3 9.6 785 170 1370
240 3.5 2.8 605 300 1630
368 4,8 2.8 675 300 1820
385 2.2 2.6 1500 80 1600
405 2.3 9.6 1510 75 1530
430 2.8 9.6 1320 95 1570
0.265 535 2.65 2.8 1310 145 1740
550 2.7 2.8 1320 145 1770
650 2.7 3.7 1565 127 1770
0.28 500 2.7 9.6 1140 180 1650
0.38 710 3.0 10.0 1070 280 1710
740 2.9 7.6 1150 265 1710

SEquation: D /1D = k(G/F)%+t Re™+7

Gq
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The most important advantage of the turbulent nozzle operation is
that much less product is produced as spheres much smaller than the mean
diameter, Other dispersers that give controllable diameters and practi-
cal capacities give much higher yields of small spheres. Table 3.9 gives
data for products of two mean sizes for a paddle agitator12 and the tur-
bulent nozzle. For visual observations, the differences are even greater
at 0.2 dsg, but we do not have numerical measurements at the small
diameters.

Suspension of the sol droplets during gelation is easier for smaller
droplets. The higher surface-to-volume ratio results in faster gelation
and, along with lower settling velocities, eliminates the need for fluld-
ization. Small drops are less likely than large drops to crack or give
hollow particles i1f the rate of mass transfer of water is increased by
using drier 2EH or an alcohol with a higher solubility of water. Smaller
drops show more clustering and sticking to the vessel walls for otherwise
equal conditions. However, we can gel the small drops without fluidiza-
tion and we can use more or more effective surfactants without cracking
or distortion. Therefore, clustering and sticking do not seriously

restrict the preparation of smaller gspheres.

12M. E. Whatley et al., Unit Operations Section Quarterly Progress
Report July—September 1965, ORNL-3916, p. 44—50.

Table 3.9. Comparison of Products from Paddle Agitators
and Turbulent Nozzles

Paddle Turbulent Paddle Turbulent

Agitator Nozzle Agitator Nozzle

Mean diameter, dso, K 92 S0 78 76
Wt % smaller than

0.8 dsg 42 30 38 28

0.6 dsqg 30 13 26 11

0.5 dsg 24 7 ~ 19 ~ 4

0.4 d-p ~ 18 ~ 3 ~ 1 <2
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The separation of the gel microspheres from an organic liquid
becomes increasingly troublesome as the sphere diameter decreases. The
equipment is limited to critically safe geometries for fissionable mate-
rials. Since the solubility of water in 2EH requires a 2EH-to-sol volume
ratio of about 100, alternate methods of gelation were tested to simplify
the gel sphere separation problem. From tests of chemical gelation with
ammonia or organic amines, it appears that the gel spheres smaller than
100 p in diameter must be partially dehydrated before they are collected
in settled beds. The "wet" gel (without dehydration) of this size shows
excessive caking or coalescence when collected in multilayer beds. Also
the chemical gelations can be so rapid that they interfere with formation
of the spherical sol drops. We now prefer to extract water with isoamyl
alcohol to form small gel spheres. The lower viscosity and the lower
alcohol-to-sol volume allowable for the water solubility (9% compared to
2.5% for 2EH) simplify the separation of the gel spheres, but the more

important advantages of the original process with 2EH are retained.

Optimization of Process Equipment

Any production use of the ORNL fluidized bed process for making
spheres should be designed for a specific product or a relatively narrow
range of similar products. Even when two or three different products are
for one end use (as for spheres of different sizes for Sphere-Pac fuel
elements), they are best produced in different lines optimized for the
different products. This is because the problems will be different for
the different products and the compromises to solve them will differ
greatly. Differences in sol composition mean that different 2EH composi-
tions are needed. Large spheres require conditions to minimize cracking
or distortion, while small spheres require conditions to minimize sticking
and clustering. Production of low-enrichment materials may be in large
quantities, while high-enrichment materials will be in smaller quantities
and will have to be in smaller equipment to provide critically safe geom-
etries. No sol disperser is optimum for all sizes of drops. Therefore,
optimum design and evaluation of a fluidized bed sphere forming system

are possible only after a product size and composition are specified.
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Once this is done, the selection of a sol disperser, the sizing of the
column, etec. are greatly simplified.

Maximum Product Diameters. — The maximum practical diameter of prod-

uct spheres is limited by one of three factors.

1. Cracking and distortions become much worse as the product diam-
eters increase. These problems depend on the sol characteristics and
alcohol composition, and the maximum practical diameter may be from less
than 100 u on up until other effects are controlling.

2. The initial sol drop size is limited because drops above a cer-
tain diameter will spontaneously break into two. This size 1limit depends
on the interfacial tension and sol density and ig commonly 1800 to 2000 u
(0.18 to 0.20 cm) for dilute sols in 2EH. TFor good sols, this would
limit the product size to about 500 p for 0.7 M UO:.

3. Elongated gel particles are formed if the interfacial tension
does not keep the drop spherical during gelation., This limit depends on
the interfacial tension and the density at gelation. This limits the
maximum product size for concentrated sols; for ThO, the maximum product
sphere diameter is about 700 u.

Avoiding 1imit (1) is discussed above, while limits (2) and (3) are
inherent in the process flowsheet. If product diameters above 600 u are
of great importance, limits (2) and (3) might be increased with a high
density fluidizing liquid, such as a mixture of tetracholorethylene with
igoamyl alcohol. This would require a regstudy of surfactant requirements.
Also the optimum column configuration would be much different because the
ratio of velocities of the gel sphere and the sol drop would be much
larger. The initial sol must be denser than the organic or the scol drops
will float at the organic surface.

Minimum Product Diameters. — The process has no inherent lower limit

of product diameters, but there are good reasons to avoid fluidization if
the sol drops can be gelled without fluidization. Eliminating fluidizing
flows would simplify the process. The surfactants required to control
sticking or clustering during fluidization may contribute to cracking,
distortion, and carbon in the fired product or may be otherwise undesir-

able. The continuous operation of a fluidized bed requires uniform sol
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drops; disperser operation is simplified if less uniform drops are
acceptable.

Small spheres can be prepared without fluidization if the gelation
is complete before the drops fall to the bottom of the vessel. This
type of operation has been studied and was reported above, Both the
settling velocity and the gelation time increase with the sol drop diam-
eter, so the distance a particle will settle increases very rapidly with
diameter — approximately proportional to the cube. An alcohol with a
higher solubility for water would give proportionately shorter gelation
times, but the settling velocity would be greater if the alcohol is also
less viscous. The faster gelation usually increases distortion and
cracking.

The sphere size that can be prepared without fluidization depends
on the column height or head room allowable. For the usual range of sol
molarities, the column height required for gelation varies mainly with
the initial drop diameter and varies 1little with the initial sol molar-
ity. The drop of less concentrated sol has a longer gelation time, but
the average settling velocity is smaller. As a first approximation, the
maximum drop size of 1.2 to 2.5 M sols that will gel in 2EH of 0.5 to
1 vol % water without fluidization is:

Column height, ft 2 8 16 32

Maximum initial drop 230 360 450 600
size for gelation, p

The same sol drops can be gelled in one-half to one-third of these
heights in isoamyl alcohol, but distortions and cracking are very prob-

able for initial sol drop diameters larger than 300 p.

Chemistry of Microsphere Forming Column

W. D. Bond A. B. Meservey K. J. Notz

Our principal purpose has been to study the chemical variables asso-
ciated with the operation of REH UO;-microsphere-forming columns using
Spen 80 and Ethomeen S/15 as surfactants at room temperature. Fundamen-
tal knowledge of the mode of operation of these two surfactants, for

example, may allow operating the columns more predictably. This study



ares involves the interactions of two complex colloidal systems — UO;
and other sols, and surfactants. Complexity is increased by the use of
two ligquid phases (agueous and organic) and the use of two surfactants
whose combined effects differ from their separate effects. In summary,
the chief findings are as follows.

1. The pH of the 2EH containing Ethomeen S/15 profoundly affects
bead clustering and coalescence. For example, in ZEH containing
1.5% Span 80, 0.5% Ethomeen S/15 and 1.2% Hp0, microspheres formed from a
U0, sol were perfect at pH 3.5, but as NH,O0H was added clustering began at
pH 4.0 and became severe at pH 6.5. In Th0,—25 mole % UO; sols
formed in 2 EH containing 0.05% Ethomeen S/15 without Span, clustering
took place at pH & to 7 but disappeared at pH 2. This explains some of the
column startup difficulties experienced with fresh batches of 2EH before
it had become acidified by long contact with the acidic sol. The remedy,
of course, is slight initial acidification of the 2EH before column
startup. Measurement of the pH of the 2EH by direct immersion of elec-
trodes 1s possible but somewhat erratic and unreliable because of the
extremely low electrical conductivity (for example, 0.03 umho/cm for
0.001 M HNO3 and 1.5 vol % Hz0). A more reliable and stable value
results from measuring the pH of an equal volume water extract of the
2EH, whose conductivity is much higher (300 umho/cm for the above exam-
ple). These are the pH values quoted above. In a production microsphere
column at equilibrium, this agueous pH was 0.5 to 0.8 units lower than
that measured directly on the organic phase.

2. When the 2EH contains 0.1% Span 80 without Ethomeen S/l5, U0,
sol droplets do not cluster up to a pH of at least 4.8. Bead defects
resembling blowholes occurred in a precipitation-type sol at a pH of 2.2
(after extraction), but no defects were found in beads from a solvent-
extraction sol. In 0.05% Ethomeen without Span U0, clustering continued
even down to pH 2.1.

3, Gel beads were susceptible to severe oxidation and subsequent
breakage in air in a few hours when formed in 2EH columns at pH 2.2 to
2.4 (aqueous extract). The oxidation behavior differed between the two
types of U0, sols and between the two surfactants. The gel beads resisted

air oxidation for many days when formed at pH 3.5 to 4.8.
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4, The pH of the 2EH also affects the organic-to-aqueous distribu-
tion coefficients (0/A DC) of the two surfactants and alters the fate of
the nitrate ion, as follows: (a) Ethomeen S/l5 reacts with HNO, (at
acidic pH) to form a compound with a high 0/A DC (not yet measured).
Nitrate is thus extracted from the sol and carried over into the 2EH dis-
tillation column, where it causes oxidation reactions. The nitrate
removal problem is thus related to Ethomeen content and to pH. (b) Span 80
does not extract nitrate from the sol. The Span has a high O/A DC only
when the 2EH is basic, which would be foreign to the mode of operation
with acidic sols. When acidic, the Span 80, under pH conditions not yet
defined, can have a low O/A DC, which could cause Span depletion by loss
to the sol.

5. Interfacial film studies were made to find conditions for mini-
mizing the water solubility of this film between the sol (aqueous phase)
and 2EH (organic phase). Film insolubility in water promotes the stabil-
ity of water-in-oil emulsions, and by analogy in our sol-2EH system should
minimize bead coalescence and clustering. Minimum film solubility occurred
with Ethomeen and Ethomeen-Span mixtures when acidified to about
0.005 M HNO3 in 2EH, and maximum film solubility (hence, maximum bead
coalescence) occurred when the pH was slightly basic. Span 80, by these
film studies, was a poor emulsifier when compared to Ethomeen S/15.

6. Microsphere pitting studies, still in progress, have shown sev-
eral causes of the uneven shell hardening that results in pits. With UO;
sols, for example, wrinkle pits appear from drying with 2EH-0.05% Span 80
when the UO, sol has been oxidized above 12% U(VI). With solvent-extracted
ThO,-U05; sols, Span 80 is a pit-promoter, and Ethomeen S/l5 is the antidote
under some conditions. Even steam-denitrated thoria sol, normally pit-
resistant, is pitted slightly by 0.5% Span 80-0.05% Ethomeen S/15 in 2EH
containing little water (0.5%). Pitting occurred also for ThO,-UOs3 sols
with Ethomeen only as functions of water, acid, and Ethomeen concentra-
tions, and it also depended on sol properties.

7. Cracking in mass-produced solvent-extracted ThO,—25 mole % U0,
microspheres led to studies on the optimization of column chemistry con-
ditions for these sols. The main finding was that these sols are

exceptionally prone to crack and pit in the 2FEH column unless produced
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with a sol digestion step to enhance crystallinity. Column conditions
that produced the best microspheres from the most sols tended toward

using about 0.05% (0.001 M) Ethomeen $/15, about 1 to 1.5% H,0, and

nitric acid adjusted to 0.001 M in the 2EH. The inclusion of Span 80 in
the 2EH again caused pitting, partly remedied by increased Ethomeen con-
centrations. Sols of the composition ThC,—19 mole % UC3, produced by
countercurrent solvent extraction and digested for increased crystallinity,

produced good microspheres over wider operating levels.

t13

A repor on microsphere forming conditiongs for ThO,-UO3; sols was

issued. An abstract is given below.

The effects of three variables in the sphere forming
column solvent (2EH) on the properties of microspheres pro-
duced from ThO;-U0O5 sols were examined by a 27 factorial
experiment. The three variables tested were: water con-
tent (at 0.4 and 1.6%), acidity (at 0.001 and 0.01 N), and
Ethomeen S/15 content (at 0.05 and 0.5%). Over this range
of variables a very wide range of microsphere qualities was
obtained, and a pictorial evaluation is included. The low
Ethomeen level gave the least cracking and deformation, and
also two cross effects are prominent, namely, acid X Ethomeen,
and water X Ethomeen. The nature of these cross effects is
such that improved product yield is obtained when acidity
and Ethomeen are in balance (either both high or both low),
and when water and Ethomeen are out of balance, All of these
conditions are satisfied when acidity and Ethomeen content
are low and water content is high. Other less general effects
were also noted, Five oxide sols were tested; of the four
cocurrent produced sols, those that had been digested either
during or after the concentrating step gave the best micro-
spheres. The one countercurrent produced sol, with a low
nitrate-to-metal ratio, performed well. The factorial design
was replicated with three of the sols:; in general, replication
was good, but a number of prominent differences occurred.

The significance of these differences is discussed.

So0l-Gel Procegs and Equipment Demonstration

P. A. Haas C. C., Haws

The objective of these studies is to demonstrate processes and equip-

ment for remote operation for the recycle of thorium and 233U to

13K, J. Notz and A, B. Meservey, Microsphere Forming Conditions for
ThO,-U05 Sols: A Factorial Experiment, ORNL-TM-2516 (April 1969).
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heterogeneous reactors. We have emphasized the development of procedures
and prototype equipment for preparing oxide microspheres in the Thorium-
Uranium Recycle Facility. These studies seek: (1) to improve and to
simplify existing equipment and operations, (2) to obtain data on the
reliability and behavior of both the equipment and the process over
extended operating periods, (3) to adapt the equipment to the exacting
requirements of remote operations, and (4) to provide 100-kg lots of ThO,
microspheres for use in large-scale pyrolytic carbon coating experiments.

Pilot plant operation covers two periods, one in which the equipment
originally built for large-scale (1 kg ThOg/hr) microgphere preparation
was operated and another in which a new and greatly simplified pilot
plant of the same scale was tested. Thoria sols were used almost exclu-
sively in this work because of our overriding interest in equipment and
the availability of large quantities of high-quality thoria sol. Equip-
ment development is now sufficiently advanced to allow U0, feeds to be
processed when operation resumes. The pilot plant was shut down in
October 1967 to await development of ThO,-UO3 and UO, sol preparation in
sufficient quantity to make pilot-scale operations practical.

Extended, stable operation of the column has been demonstrated with
ThO,. During the early period, the entire system was emptied and filled
twice with 2EH. Each charge (about 45 gal) was used for about 300 hr of
operation in the column-distillation system. Operation was satisfactory
with both charges.

Samples of 2EH were analyzed for nitrate ion, amine, total nitrogen,
and thorium periodically throughout each of the two periods. The reéults
of these analysis over the last four months of the second charge
(Table 3.10) show no trend with time for the three suspected degradation
products. Only thorium (ThO,) concentration built up steadily throughout
the period, causing turbidity of the solvent. This buildup was primarily
the result of occasional equipment malfunction. Turbidity hindered
visual observations of microspheres through the column wall and was the
prime reason for discarding both 2EH loadings; however, the alcohol could
have been used longer if we had so desired. The thoria causing the tur-
bidity was present as extremely fine particles (300 A), which settled out
upon long standing (15 days), leaving clear 2EH.
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Table 3.10. Concentration of Tmpurities in the 2EH
Related to Length of Time of Column
Operation with ThO;

Impurity Conce?ﬁ§atlon Trend with Time
x 1074
Nitrate ion 1.5 to 4 None
Total nitrogen 2.0 to 5 None
Amine 6.0 to 10 None
Thorium 2.0 to 7 Increasing

Operating the original pilot plant, 250 kg of 210- to 250-p-diam
and 150 kg of 250- to 590-p-diam ThO, were prepared. An uninterrupted
period of sustained operation was undertaken to demonstrate the reliabil-
ity of the equipment and the process. A full month of operation was
scheduled on a two-shift-per-day basis three days per week and carried
out without event. During this test 140 kg of 210- to 250-u microspheres
were produced. Note that product yields ranged from 60 to 70%; thus the
quantities of thoria fed to the column were correspondingly larger,

Surfactants must be added to the 2EH to prevent coalescence of drop-
lets, sticking of droplets on column walls, and clustering of partially
dried drops. Adequate control of surfactant concentration was simple.
Surfactants were added to each charge of fresh 2EH. For thoria sols
these were 0.3 vol % Ethomeen 5/15 and 0.07 vol % Span 80. At the start
of each shift, surfactants were added in amounts proportional to the
volume of sol fed during the previous shift. These additions were 10 ml
of Ethomeen S/15 and 2.5 ml of Span 80 per liter of ThO, sol. When we
operated with mixed sols (Th0,—25% UO,) the concentration of each surfac-
tant was adjusted to 0.5 vol %. Subsequent adjustments at the beginning
of each shift were 10 ml of each surfactant per liter of sol fed during
the previous shift. This empirical method was adequate under all oper-
ating conditions.

For producing uniform sol drops, two-fluid nozzles were the most
flexible of the dispersers tested. Single two-fluid nozzles gave an 85%
yield of microspheres in either the 210~ to 250-u or 500- to 590-u size
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range. Using 6- to ll-nozzle parallel arrangements of the basic two-
fluid nozzles, we obtained yields ranging from only 70 to 55% of the
210- to 250-p~diam product. Even so, the bulk of the beads was not in
the desired size range (210 to 250 u) but fell within the 250- to 297-p
range. The combined yield of these two size fractions usually exceeded
90%. Thus if our specification for this narrow size range could be
increased to 210 to 297 1 a much larger quantity of product would be
available. A plastic cup with a perforated bottom gave excellent yields
if only larger sizes were needed. This cup (with thirty-three 0.010-in. -
diam orifices in its bottom) gave yields of 90% in the 350 to 500 p
range., Its simplicity is a great advantage.

Because the original pilot plant was complex to operate, and our
work suggested some design changes, we dismantled the old equipment and
essentially replaced it by a new installation, whose flowsheet is shown
in Fig. 3.7. These changes and their effectiveness are described below.

1. Settler Installation. — Filters placed in process lines in the

0ld equipment effectively removed dry gel microspheres. However, any
faulty operation of the column allowed wet particles to enter one of the
five recirculating pumps before they could reach a filter. Passing
through a pump effectively dispersed the wet particles, causing the build-
up of thoria turbidity in the 2EH. Settlers were designed and placed in
the circuit at the overflow of the forming column and on the inlet side
of the dryer to remove any wet particles occurring at these column exit
points (see Fig. 3.7). Four months of operating with a single charge of
2EH has resulted in only a slight browning of the 2EH (from surfactant
degradation products). The thoria sludge encountered in earlier work is
absent, and the alcohol is water-clear.

2. Simplification of the Process Flowsheet. — The new pilot plant

was rebuilt around one pump (rather than five in original equipment).

Of the original equipment, only the distillation train and the glass
sphere-forming column were retained. Elevations were selected for each
equipment piece to allow unimpeded gravity-flow return of the 2EH to a
single surge tank. All level controls and control valves were thereby
eliminated along with the possibility of overflowing any piece of process

equipment.
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Fig. 3.7. TImproved and Simplified Equipment Flowsheet. A one-pump
solvent recycle system.

3. Material Transfers. — In the new equipment, all material trans-

fers are accomplished either pneumatically, hydraulically, or by gravity.
No manual or mechanical transfers are required. This system has been
tested and performs well. Microspheres falling from the bottom of the
forming column are continuously transferred by hydraulic jet to the
settler-dryer. Batches of dried microspheres are pneumatically trans-
ferred from the dryer to a storage hopper above the calciner. The cal-
ciner is loaded by gravity and discharged pneumatically to a storage
hopper.

4. Dryer and Calciner. — The features of a prototype dryer design

are shown schematically (Fig. 3.7). The ThO, microspheres enter the set-

tler with the 2FH transfer fluid. Part of the 2FH flows down through the
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stainless steel wire cloth in the dryer bottom, while the rest overflows
the settler. Both streams combine and return to the column circuit. The
microspheres remain on the screen. The settler was installed to allow
the transfer Jet to operate at constant pressure, since otherwise the
pressure drop across the bed of microspheres increases as the dryer is
filled. When the dryer is filled with microspheres, excess 2EH is blown
down through the screen with nitrogen, the steam is turned on, and the
bed is allowed to dry (150 to 250°C). After drying, the batch is trans-
ferred pneumatically to the caleciner station.

In the conceptual design of the remotely operated calciner the
charge is contained in a crucible fixed in the furnace. The charge will
be loaded by gravity and discharged pneumatically. The present calciner
is actually a muffle furnace with crucibles loaded by hand.

Performance of the new equipment was outstanding. Over a four-
month period of operation no equipment breakdowns or process upsets were
experienced. Column operation and the equipment in the forming column
part of the circuilt appear adequate for remote operation. The settlers
in the column circuit effectively dry and remove fines; turbidity of the
2EH (due to suspended ThO, fines) is no longer a problem. Additional
particulate removal and flexibility in operation of the microsphere
transfer jet are obtained by the settler in the dryer circuit.

An in-line, hydraulic transfer sampling device for taking micro-
spheres from the bottom of the column was built and successfully operated.
The microspheres may be examined optically in the sampler for shape and
surface characteristics and then returned to the system. The optical
requirements necessary for this examination and for the observation of
droplet formation were defined.

Additional work will be required to improve the dryer and the cal-
ciner for remote operation. Loose sintering of ThOp microspheres and
apparent devitrification of the crucibles (99% Al,03) were observed in
firing. The sinters of ThO, microspheres are easily broken but may prove
troublesome in the proposed deep-bed calciner operation. Devitrification
can be eliminated by prefiring the microspheres to 500°C, a possible

extension of dryer operation.
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Material Preparation

P. A. Haas

Materials supplied as samples to other parts of this program or to
related programs furnish the most reliable illustration of typical prop-
erties for sol-gel products. Large samples of microspheres from ThO, or
ThO,-U03; sol were supplied from operation of the CPDL microsphere prep-
aration system (Table 3.11). Smaller samples of special compositions or
sizes were prepared from operation of smaller process development equip-

ment (Table 3.12).

Table 3.11. Thoria Microspheres Supplied from Opegation of the
CPDL Microsphere Preparation Pilot Plant

Particle Amount
Size Range Delivered Disposition
(w) (ke)
88—-125 10 M and C Division, to be coated with

pyrolytic carbon

210250 95 M and C Division, pyrolytic carbon coating
development studies

250-297 10 M and C Division, pyrolytic carbon coating
development studies

297420 42 M and C Division, pyrolytic carbon coating
development studies

350500 40 M and C Division, pyrolytic carbon coating
development studies

350-500 20 For HTGR fuel sticks — processging studies

420-500 2 For power reactor fuel reprocessing studies

350—500b 7b For firing development studies

420—400 1 Babcock and Wilcox Company

420590 5 M and C Division, for thermal conductivity

measurements

aSupplied from January 1967 through February 1968; the column did
not operate after October 1, 1967,

b(Th’U)OZ from ThO,-U0; solvent extraction sol preparation.



Table 3.12, Typical Properties of Fired U0, Microspheresa

Transferred Analyses

Composgition Size Amount Density, erface

or Sol D (1) (g) (g/cmB)b Tea Carbon 0/U

ate To (m* /g) ;
(ppm) Ratio

47 =8 =97 6=27-67 M and C Division 210-250 125 10,54 180 < 2.002
477 -8 =97 6-27-67 M and C Division 210250 97 10.18 150 < 2,002
209 23°y 9-11-67 M and C Division 350420 549 10,62 0.006 140 2.0022
F-56 9-27-67 M and C Division  150-250 617 10.01 0.011 400 2,000
P?C2D-6C 350-500 510 10.60 0.008 30 2.002
F-83 150-500 380 10.91 < 20 2.007
EV-7 ~ 400 190 10.59 0.017 50 2.007

Sprom U0, sols prepared by precipitation, except EV-7, which was prepared by solvent
extraction.

bBy mercury porsimetry at 100 or 200 psi.



4. FUELED-GRAPHITE FABRICATION DEVELOPMENT
F. J. Furman J. D. Sease

We are developing methods to fabricate recycle fuel particles,
fuel sticks, and fuel elements. The necessary gquality control inspec-
tion procedures also must be developed. Since the fuel will contain
significant quantities of 232U, all processes will have to be remotely
operable and the equipment remotely maintained. Central to the fabrica-
tion operation is the particle coating. Considerable progress has been
made in developing large-scale equipment for this operation. Inspection
procedures for assuring quality of product have been developed. For
transferring particles between various operations and eliminating
unacceptable particles, various handling techniques have been developed.
Work has been done on blending and bonding of particles into fuel
sticks. These aspects of fueled-graphite fabrication development are

discussed further in the following paragraphs.

Particle Handling

S. E. Bolt J. T. Meador F. J. Furman

The fabrication of HTIGR particulate fuels requires the transfer
and classification of kilogram amounts of 150- to 850-p-diam 23375
bearing particles. Equipment has been developed to do these tasks
remotely. Transfer equipment includes pneumatic lines between storage
hoppers and processing equipment and various connections to feed multiple
lines into a single line or divert one line to another.

The transfer equipment moves particles through l/4—in.-diam stain-
less steel lines pressurized by air or argon. The particles fall by
gravity into the line through which the transfer gas is flowing. The
particles are then carried by the gas and are injected into a cylindri-
cal receiving hopper. A transfer line 50 ft long with a 15-ft rise in
elevation has been used to repeatedly cycle particles over an extended
period. All components were reliable, and only minor particle abrasion

occurred.
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Classification equipment consists of vibratory screens to remove
over- and undersized particles and shape separators to remove irregularly
shaped particles. The vibratory screens are in stacks of two or more
so that over- and undersized particles are removed in one operation.
The shape separator is a flat plate on which the particles are slowly
fed. The plate is vibrated in one direction and tilted in another.

The irregular particles move in the direction of the vibration, while
the spherical particles roll with the tilt; thus a separation is
achieved.

Although this equipment has been used only on a laboratory scale,
only minor modifications are needed to redesign and scale the equipment

for a remotely operated production process.

Particle Coating

R. B. Pratt C. F. Sanders W. H. Pechin

Deposition of pyrolytic carbon coatings on nuclear fuels is probably
one of the more difficult and expensive steps in the fabrication of
HTGR fuel elements. Analysis has shown that increasing the production
scale of coated fuels can reduce the cost of this step. Therefore, we
are developing a pilot-scale process for depositing pyrolytic carbon
coatings on sol-gel particles in quantities to 10 kg/day. Not only do
we have the normal problems of increasing the scale of a process, but
we are also concerned with ensuring that the process is suitable for
remote fabrication of 233U—bearing recycle fuels in the Thorium-Uranium
Recycle Facility (TURF).

We have been establishing cold-processing equipment, delineating
coating parameters, and designing and fabricating a prototype remotely
operated fluidized-bed coating system. We have made significant progress
in each of these areas.

The 5-in.-ID coating furnace system has become existing technology
and is operated routinely. Enough coating parameters have been defined
that most coatings can be reproducibly controlled over a wide range of

specifications. We are continuing to investigate deposition of low-density



coatings from acetylene along with our main effort to characterize high-
density coatings produced from propane and propylene.
Major progress was made on a prototype of an in-cell, remotely

operated coater, for which installation is 95% complete.

The 5-in.-ID Coater

Coating development has been done in a furnace consisting of a cold-
wall, three-phase, carbon-element resistance unit capable of 2500°C at
steady-state nonflow conditions. Pyrolytic carbon coatings are deposited
on fuel particles by pyrolyzing hydrocarbon gases in a 5-in.-ID graphite
reaction cone located within the heating zone of the furnace. Particles
are fluidized in the reaction cone by gas introduced at the bottom of
the cone through a water-cooled nozzle, as shown in Fig. 4.1. The
furnace is mounted on a motor-driven frame, which separates the compo-
nents for maintenance and evaluation.

The overall coating system also includes components for loading,
unloading, and effluent disposal. Figure 4.2 schematically illustrates
the relationship of the coating furnace to the process gas and effluent
disposal systems.

The flow control system for gases consists of routes for hydro-
carbon, diluent, and inert carrier gases. It establishes a carrier gas
flow, which fluidizes the particles while the furnace temperature is
stabilized. Frequently process control requires mixing an inert diluent
such as helium with the hydrocarbon gas. The hydrocarbon gas or mixture
is routed to a three-way valve, which substitutes the hydrocarbon gas
for carrier gas for a predetermined time period during which the hydro-
carbon is pyrolyzed. At the end of the coating period, carrier gas
replaces the coating gas, and the furnace 1s cooled and unloaded. The
gas control panel used in these experiments was originally designed for
use with a dual-flow nozzle system but has since been modified to
increase its total flow capacity for use with the single-flow, water-
cooled nozzle. A schematic diagram of the gas control panel is shown

in Fig. 4.3.
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Fig. 4.2. Schematic Diagram of the Process Piping for the 5-in.-
diam Coating Furnace.

The effluent system is concerned with products of the pyrolyzing
reactions, namely hydrogen, uncracked hydrocarbon gases, and soot. Soot
particles are removed by a bag filter, while hydrogen and uncracked
hydrocarbon gases pass through the filter and are ignited and burned in
a center-diffusion burner. The combustion products are cooled and dis-
charged to the building exhaust system, where they pass through high-
efficiency filters before being released to the atmosphere.

Development of this equipment has enabled us to extend particle
coating technology from laboratory-size systems to an engineering-scale
system capable of quality and quantity production of coated nuclear
fuels.
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Coating Process Development

The principal requirements for HTGR-type coatings are that the
rarticles should have triplex pyrolytic carbon and silicon carbide
coatings. The interior coating is pyrolytic carbon having a density
less than 1.0 g/cm3, the middlé silicon carbide with a density near
3.2 g/cmB, and the outer layer is isotropic pyrolytic carbon having a
density near 2.0 g/cm3. Our developmental work is directed toward
describing the best combinations of processing conditions, gases, and
equipment for coating fuel particles to these specifications. These

coatings were deposited by a batch-type fluidized-bed coating process.
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Low-Dengity Coatings. — Low-density coatings were deposited by

pyrolysis of acetylene. Our development of the low-density coating
process was based on laboratory-scale work performed by Beutler et gl.l
Material logistics required that most experiments be done on 500-g
charges, although charges as large as 2 kg were coated. TFor our system,
effluent disposal capability limited batch sizes to 2 kg. All of our
process development was done using sol-gel microspheres having a mean
diameter of 230 u.

The low-dengity coating properties of interest include density,
mean thickness, and thickness variations, both within a batch and from
batch to batch. The principal conditions that affect coating density
are bed temperature, the amount of diluent in the hydrocarbon gas, and
gas flux, which 1s the ratio of the total gas flow rate to the initial
charge surface area. The effects of bed temperature, gas flux, and
helium dilution on coating density have been reported.? Manipulating
temperature, dilution, and gas flux has yielded densities ranging from
0.35 to 1.4 g/em?.

In general, the coating rate and deposition efficiency (the ratio
of carbon deposited to carbon supplied) increased with rising tempera-
ture. Coating rates were rapid, ranging from 10 to 40 u/min. For 50-u~-
thick coatings, coating thickness standard deviation within a batch
ranged from 5 to 10 p. Larger batch sizes did not significantly shift
any of the coating properties except that coating thickness variation
within a batch apparently improved. In production runs, the batch-to-
batch density variation could be controlled to within the experimental
error of the density determination. Coating thickness was more difficult
to control from batch to batch. The observed thickness standard devia-
tion was 3.5 p.

Silicon Carbide Coatings. — The silicon carbide coatings were

applied over the low-density inner coating after a thin sealer layer of

H. Beutler, R. L. Beatty, and J. H. Coobs, "ILow-Density Pyrolytic-
Carbon Coatings for Nuclear Fuel Particles,'" Electrochem. Technol. 5(5-6),
189-194 (May—June 1967). -

°R. B. Pratt and S. E. Bolt, Status and Progress Report for Thorium
Fuel Cycle Development Dec. 31, 1966, ORNL-4275, pp. 61-78.
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high-density pyrocarbon had been deposited over it to prevent leaching

of the oxide kernel by hydrogen chloride during coating. Methyltri-
chlorosilane (CH3SiCl3) was the source of silicon and carbon. For
coating in a 3-in. laboratory-scale coater, we used fluxes of 0.125 to
0.310 cm’® min~! em™? CH2SiCls diluted with & to 11 times as much hydrogen
to provide the necessary reactants with sufficient gas to fluidize the
bed of particles. Deposition temperatures used were 1500 to 1600°C.

The particles were (400 + 100)-p-diam thoria coated with 75 u of pyro-
carbon inner layer in batch sizes of 500 to 1000 g.

High-Density Isotropic Outer Coatings. — The high-density isotropic

coatings were applied over the buffer coating or silicon carbide at low
temperatures, with propane and propylene as the hydrocarbon sources.
This work was based on laboratory-scale work done by Scott and Beatty.?
Properties of interest for applying high-density coatings include those
of interest for low-density coatings plus the additional requirement
that the deposits be nearly isotropic.

In Fig. 4.4 properties of coatings deposited from propane on buffer-
coated ThO, particles at gas fluxes of 1.0 and 2.0 em® min~! em™? are
compared as functions of temperature. The best compromise between
coating density, deposition efficiency, coating rate, and anisotropy
factor appears to be a bed temperature between 1250 and 1300°C and a

3 min~! em™?. In this region, coating density ranged

gas flux of 1.0 cm
from 1.98 to 2.02 g/cmB, efficiency from 15 to 25%, coating rate from
0.9 to 1.1 p/min, and anisotropy factor from 1.07 to 1.2.

Differences between propane and propylene were minimal; propane
produced the densest coating, and anisotropy of coatings produced from
propylene was less temperature-sensitive. For both gases, the coating
efficiency and rate are strong functions of temperature. For coatings
of interest, efficiencies ranged from 20 to 50% and coating rates

ranged from 2 to 6 u/min.

3J. L. Scott and R. L. Beatty, "Pyrolytic-Carbon Coatings Formed
at High Deposition Rates," (Summary) Trans. Am. Nucl. Soc. 10(1), 96
(1967).
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Remote Coater

The design of a prototype remotely operated coating system has been
described.* At present, construction is approximately 95% complete.

The remote prototype coater also serves as a vehicle for demon-
strating instrumentation philosophies proposed for TURF processing
equipment. Means for preprogrammed or manual operational modes are
provided. Critical system parameters are automatically monitored and
provided with appropriate safety interlocks and are compatible with the
data logging and computer control system ultimately proposed for the

fueled graphite fabrication process.

Particle Inspection

W. H. Pechin S. E. Bolt F. J. Furman

The quality of all fuel produced in a fabrication operation must
be determined to assure reliable reactor operation and prevent costly
reactor shutdowns or early refueling. The required particle specifica-
tions are determined before large-scale fabrication by irradiation
experiments as described in Chapter 5 of this report. The particle
specifications include coating anisotropy, density, and thickness.
Inspection for these properties must be made quickly and accurately to
ensure process control. The present status of development of these

inspection operations is described in the following paragraphs.

Measurement of Coating Anisotropy

The anisotropy of the carbon coating has a pronounced effect on
the coating performance. A coating as nearly isotropic as possible is
desirable. The anisotropy is described in terms of the Bacon Anisotropy

Factor5 (BAF), which is determined from an x-ray diffraction analysis of

“R. B. Pratt and S. E. Bolt, Status and Progress Report for Thorium
Fuel Cycle Development Dec. 31, 1966, ORNL-4275, pp. 61-78.

°G. E. Bacon, "A Method for Determining the Degree of Orientation
of Graphite,” J. Appl. Chem. (London) 6, 477-481 (1956).
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the coating deposited on a flat disk charged to the furnace along with
the particles. The high-density coating should have a BAF as near 1.0
as possible and certainly less than 1.1.

We have adopted the method of judging the acceptability of the
coating anisotropy from the appearance of the "Maltese Cross"” when metal-
lographic samples are viewed under polarized light.6 This appears to be
an acceptable semiquantitative method when used for coatings of similar

structure and BAF less than 1.3.

Measurement of Coating Density

Coating density is determined by measuring the density of the
coated particles with a mercury porosimeter and measuring the weight of
carbon per unit weight of kernel by burning off the carbon coating.

This information together with the known kernel density allows one to
calculate the density of the coating. The mercury porosimeter measure-
ments are made at a pressure of 80 psig to ensure that the space between
particles is filled with mercury. For particles with duplex coatings,
when the volume and weight of the first coating were subtracted from
the mercury porosimeter and burnoff results to allow calculation of the
outer coating density, the density was found to be higher than the
theoretical density of graphite. This was attributed to the deposition
of carbon inside the pore structure of the low-density coating, increas-
ing the weight of carbon with no increase in volume.

This infiltration effect has been investigated by including under-
sized bare particles with each batch charged to the furnace for over-
coating. These undersize particles are sifted out after the run and
used to determine the density of the overcoat. With this information
the fraction of the open porosity in the buffer coat that is filled
during the overcoating can be calculated. This fraction can be as high

as 55% with propylene and 70% with propane.

°R. J. Gray and J. V. Cathcart, "Polarized Light Microscopy of
Pyrolytic Carbon Deposits,"” J. Nucl. Mater. 19, 81-89 (1966).
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Particle Counting and Size Analysis

In a typical high-temperature gas-cooled reactor, the fuel loading
tolerances are *1% for the complete core or +5% for an individual fuel
element. To obtain the toleranceg required, the size and density of the
fuel particles before and after coating must be accurately known. In
a large-scale production facility, these determinations must be made
swiftly to keep the process under control. The conventional means of
determining particle size by microradiography and the density by sink-
float or combustion are too slow. For the rapid determination of these
properties we favor a particle-size analyzer that will determine
precigsely the diameter of a large number of particles and at the same
time count the number of particles in a given weight of material.

Considerable progress in particle-size analysis has been made in
the past two years. A particle-size analyzer has been obtained and,
after development, should fulfill these needs. The principle of opera-
tion is shown in Fig. 4.5. The sample, which may be in air or a clear
fluid, passes in front of a light beam. The passage of a particle inter-
rupts the light beam, and the magnitude of the interruption is propor-
tional to the size of the particle. The decrease in light produces a

dip in the photodetection output current. This current dip, again
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Fig. 4.5. Particle~Size Analyzer.
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proportional to the particle size, 1s electronically shaped so that it
can be accepted by a pulse-height analyzer. The pulse-height analyzer
presently used consists of ten channels, each calibrated to count parti-
cles within a 10-p range of diameters, giving a 100-p range for the
instrument at any one calibration. The counter can be calibrated for
particles from 150 to 850 p in diameter. Analysis of the particle
counts in each of the channels gives the mean diameter, size distribu-
tion, and, with a weight measurement, density.

Various feed devices can be used with the particle~size analyzer.
For most of the development work a vibratory V-block feeder has been
used. This device consists of a V milled into a metal block down which
particles are vibrated. With proper setting of the slope and vibratory
amplitude, the particles move in single file. As the particles reach
the end of the V-block, they are pulled by a vacuum into a tube that
leads to the particle-size-analyzer window. Another method that has
been successfully used for feeding particles to the particle-size ana-
lyzer is fluid suspension. A fluid stream, generally water, is allowed
to continuously flow through the particle-size-analyzer window. The
particles are then dropped into the flowing stream.

With either of the feeding methods, approximately 1000 particles
can be analyzed in 3 min; hence, the analyzer easily achieves the speeds
required for particle analysis in large production facilities.

Electronics of the instrument presents some problems in stability
and accuracy. With the voltage supply presently used, the instrument
must be recalibrated approximately every hour. However, considerable
improvement may be obtained with a constant voltage source. Extremely
careful adjustments must be made during this calibration. However, a
skilled technician can perform the adjustment in 10 min. Present cali-
bration procedures give an accuracy of approximately 1% in the measure-
ment of mean particle diameter. To obtain 1% accuracy in the analysis
of the mean size plus reliable information on the particle-size distri-
bution, statistical techniques must be used. Calculation of standard
deviation can be somewhat misleading, since the maximum and minimum
sizes have generally been eliminated by screening or some other sizing

technique. The size distribution can be determined more accurately
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graphically, using either probability paper or log probability paper.
The probability paper is useful when the particles follow a normal dis-
tribution. Frequently, the particle distribution is not normal but
skewed, so log probability plots produce the better fit to a straight
line. TFrom these plots, confidence levels can be found.

Repeated analyses of particle batches have been made using the
particle-size analyzer, and the results were found to be as accurate
and reproducible as those found by manually reading the sizes of

50 individual particles with a split-image microscope.

Bonding of Coated Fuel Particles in Fuel Elements

J. M. Robbins R. L. Hamner H. Beutler®

We are developing processes to be used in the Thorium-Uranium Recycle
Facility {TURF) for the remote fabrication of fuel elements for advanced
high-temperature gas-cooled reactors. The reference fuel element for the
study in TURF is essentially a mockup of that proposed for the Fort
St. Vrain Reactor of the Public Service of Colorado (PSC). The mockup
(Fig. 4.6) is a hexagonal graphite block 30 in. long X 3 1/2 in. acrcss
flats, with 12 holes approximately O0.45 in. in diameter that are to bpe
filled with pyrolytic-carbon-coated fuel particles.

We are developing techniques for loading the fuel holes according
to a tentative plan for experimental elements to be irradiated in the
Peach Bottom Reactor. The fuel loading specifications at present require
that the coated fertile and fissile fuel particles be of two different
sizes, approximately 600 and 400 p in diameter. These are homogeneously
blended and loaded into the holes to a packing density of 60 to
64 vol %, bonded together in the fuel holes, and provided with as much

carbon as possible in the bonding material for cesium absorption.

®Present address, Sulzer Bros., Winterthur, Switzerland.
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tube, injected a mixture of liquid phenolic resin wilth charcoal or
graphite, and then carbonized the resin at 1000°C in helium. However,
there are several objections to bonding the particles directly in the
fuel block: (1) the fuel holes cannot be inspected for fuel loading
and homogeneity, (2) a mistake during loading cannot be readily recti-
fied and the whole element may have to be discarded, (3) the graphite
fuel block soaks up resin during injection, (4) the particles will be
bonded to the graphite block, which might shrink during the initial
stages of irradiation. Our concept of fuel loading is to bond the fuel
in the formg of rods called "fuel sticks" and then insert these into the

fuel block.

Preparation of Fuel Sticks

We blended and loaded the particles at the same time into a metal
mold and then injected the bonding material (phenolic resin plus 15 wt %
graphite powder) into the fuel bed, as illustrated in Fig. 4.8. The

"cure" the

assembly was then heated at 80°C for 40 hr to polymerize or
resin to a solid mass. We have made fuel sticks having fuel volume
loadings up to 63% in lengths up to 28 in. After curing, the fuel sticks

were heated to 1000°C in helium to carbonize the resin. In actual
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loading of the fuel blocks, we propose to insert the fuel sticks into
the graphite block after curing but before carbonizing because they are
somewhat flexible in the cured state and much stronger than carbonized
sticks. Also, the fuel sticks warp during carbonization unless they are
restrained, and they could probably not be inserted in the fuel block

after carbonization.

Resin Curing

To meet production requirements for the TURF (about 420 sticks/day)
at a reasonable cost, we had to reduce the resin curing time to no
longer than 2 hr. We therefore investigated the use of accelerators to
shorten the curing time and found that the addition of 10 wt % maleic
anhydride and a curing temperature of &0°C could shorten the curing time
to 2 hr. At 90°C the curing time was 1 hr.

Effects of Bonding Matrix on Coatings

Our present coating consists of a porous layer deposited from
acetylene at 1100°C, next a silicon carbide layer deposited at 1550°C,
followed by a high~density, isotropic layer deposited from propylene at
1250°C. We favor the propylene coating because dense isotropic coatings

can be deposited rapidly at relatively low temperatures. Also, such
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during and after carbonization. In most

of these studies we used as

the bonding material P514 resin with additions of 10% maleic anhydride

and 15% graphite.

In preliminary differential thermal
reactions occurred at approximately 120,
attributed to the release of volatiles.
sticks with and without maleic anhydride

according to the following schedule:

analysis (DTA), endothermic
250, and 410°C; these we

We then prepared fueled resin
and heated them to 1000°C

Temperature Average
Interval Heating Rate
(°c) (°“c/nr)
Room tempera- 24
ture to 500
400 to 600 39
600 to 1000 127

We retracted specimens at temperatures of 185, 400, 600, and 1000°C for

visual examination, welghing, and measurements of dimensional changes

and compressive strengths.

The matrix of the fueled specimens had uniformly distributed pore

structure and maintained good contact with the fuel up to 400°C; at

this temperature large cracks appeared in the matrix and huge voids in

the interstitial areas, but the resin adhered to the fuel.

The propylene-

deposited coatings cracked at some temperature between 185 and 400°C.

Figure 4.11 shows the weight and dimensional changes of fueled and

unfueled resin sticks during and after carbonization.

Most of the

changes in the resin take place by the time 600°C is reached, and the

greatest changes occur between 185 and 400°C.

The carbonized resin was

essentially amorphous, having a crystallite size of less than 20 A, as

measured by x-ray diffraction.

Figure 4.

12 compares the compressive

strengths of fueled and unfueled sticks, during and after carbonization.

The fueled stick is comparable in strength to the unfueled resin at

185°C but becomes consistently weaker as it carbonizes, and finally it

is only one-eighth as strong as the carbonized unfueled resin.

A more comprehensive treatment of the mechanical properties of fuel

sticks is given below.
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Fig. 4.12. Comparison of Compressive Strengths of Fueled and
Unfueled Sticks.
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Evaluation of Fuel Sticks and Bonding Matrices

We evaluated fuel sticks and bonding matrices according to their
mechanical properties, the effects of curing time and heat treatment,
and the interaction between fuel sticks and graphite holders.

Mechanical Properties. — If we are to load cured sticks into fuel

blocks according to our present plan, we must know the strength of the
sticks for the design of remote transfer and loading mechanisms for use
in TURF. We must also know the strength and integrity of carbonized
fuel sticks to predict their behavior in fuel element failure. We are,
therefore, measuring the mechanical properties of fueled and unfueled
resin sticks by bend, compression, and tension tests.

We used a three-point bend-testing jig consisting of two fixed
rollers that carried the specimen and a third roller attached to the
cross beam of an Instron testing machine. We used a beam span of 4 in.
and a constant crosshead speed of 0.01 in./min. Load deflections were
recorded as a function of time. We calculated the modulus of rupture
with simple beam formula without correcting for the changes in lever-
arm length of the beam due to bending or for frictional forces.

We carried out compression tests on the Instron machine by applying
the load parallel to the axis of the stick. The specimens used for
these tests were cut to a length of 1 in. from a gection of the same
composite used for bend-test measurements. Compressive cracking was
followed by a breakout of isolated particles and chunks of particles
and bonding matrix. After each compression test, we ran a screen analy-
sis on the remains. About 1% of the fragments were smaller than the
fuel particles (400 to 600 p), about 15% were just larger than the fuel
particles, and about 70% were chunks about 1/8 in. or larger.

To determine the tensile strengths of resin composites, we cemented
carbonized fuel-stick specimens approximately 1 in. long into metal
holders, attached wires to each holder, and pulled the specimens apart
with the Instron machine at a rate of 0.05 in./min. Our preliminary
results on mechanical testing are summarized in Table 4.1. These data,
in particular, reflect the superior strength of the polymerized or

"eured" sticks over the carbonized sticks. The range in the compressive
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Table 4.1. Mechanical Properties of Fueled Resin Com.positesa

Strength, psi

Condition Compressive Flexural Tensile
Polymerized at 80°C 73208200 31104530 Not
measured
Carbonized at 1000°C 5002720 190367 66—302

@oated ThO, particles, 400 to 600 p in diameter, bonded with
phenolic resin, 15 wt % graphite, 10 wt % maleic anhydride.

strengths of carbonized specimens was wide, but the low values were
obtained on fuel sticks that had been cured for only 1 hr, whereas the
higher values were obtained on sticks cured from 16 to 24 hr. Obviously,
some compromise must be made between the curing time required in the
TURF and the strength of the carbonized sticks.

Effects of Heat Treatment. — We heated fuel sticks at 1900°C for
8 hr and at 2000°C for 1 hr and observed no detrimental effects by

mechanical strength measurements or metallographic examination. Changes
in dimensions were negligible. The x-ray crystallite size of the carbon-
ized matrix was not significantly affected.

Interaction Between Fuel Sticks and Holders. — As shown in Fig. 4.13,

we simulated a fuel element failure by simple fracture of a fuel stick,
which had been carbonized in a graphite holder. We observed a few frag-

ments at the break, but the fuel sticks remained intact in the holders.

Fuel Stick Fabrication

Approximately 600 fuel sticks were made for particle debonding
experiments. The mold used is shown in Fig. 4.14. It produced a 0.43-in.-
diam X 12-in.-long fuel stick, although 28-in. fuel sticks were made by
the same process. The end cap B (a cylindrical brass plug) is inserted
and locked into place with a retainer clip. Any spacers required are
inserted into the mold. A screen is placed into the mold to prevent
particles from flowing around the spacer. The particles are then loaded
and held in place with another screen. Any additional spacers needed
are loaded, and the end cap A, with a grease fitting, is locked into

place. The resin-accelerator-filler mixture is injected into the mold
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through the grease fitting until it runs out the other end. Then the
whole assembly is baked to polymerize the resin.

After polymerization, the bottom end cap B is removed, the top end
cap A replaced with an unused one, and the fuel stick ejected as shown
in Fig. 4.15. The use of hydraulic pressure instead of pushing the fuel
stick out with a rod avoids damage to the particle coatings.

These methods were developed with the intention of future automa-
tion. The molds we developed are inexpensive to produce, and automatic

equipment can perform each step.

ORNL-DWG 68-40448
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Fig. 4.15. Fuel Rod Ejection.
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5. IRRADIATION OF COATED-PARTICLE FUELS

A. R. Olgen J. W. Prados
J. H. Coobs E. L. Long, Jr.

Coated-particle fuels for use in high-temperature gas-cooled reac-
tors have been irradiation tested for a number of years. As part of a
cooperative effort with the Advanced Gas-Cooled Reactor Program at ORNL,
we have been testing the performance of coated sol-gel-derived UO; and
(Th,U)Og microspheres. In these experiments, the results are compared
with the performance of similar coated particles having sintered oxide
or melted carbide fuel kernels. All tests are compared with predicted
performance based on our mathematical model of coated-particle behavior.
Some results on the irradiation performance of sol-gel-derived micro-

spheres were reported previously.l™’

The program has been expanded to
investigate fuel kernel variations, such as diameter and composition, to

improve our estimates of model parameters.

1A. R. Olsen, J. H. Coobs, and J. W. Prados, Status and Progress
Report for Thorium Fuel Cycle Development Dec. 31, 1966, ORNL-4275,
pp. B88-93.

“A. R. Olsen, J. H. Coobs, and J. W. Ullman, 'Current Status of
Irradiatior Testing of Thorium Fuels at Oak Ridge National Laboratory,’
pp. 475494 in Thorium Fuel Cycle (Proceedings of Second International
Thorium Fuel Cycle Symposium May 3—6, 1966) R. G. Wymer, Coordinator,
U.S. Atomic Energy Commission/Division of Technical Information, Oak
Ridge, Tennessee, February 1968.

!

3J. W. Prados, R. L. Beatty, H. Beutler, J. H. Coobs, A. R. Olsen,
and J. L. Scott, "Development of Coated-Particle Fuels for Advanced Gas-
Cooled Reactors,' pp. 273—292 in Thorium Fuel Cycle (Proceedings of
Second International Thorium Fuel Cycle Symposium May 3-6, 1966)
R. G. Wymer, Coordinator, U.S. Atomic Energy Commission/Division of
Technical Information, Oak Ridge, Tennessee, February 1968.

“J. H. Coobs, R. L. Beatty, A. R. Olsen, H. L. Krautwedel,
J. W. Prados, and J. L. Scott, "Testing of a Design Analysis for
Coated-Particle Fuels,” Trans. Am. Nucl. Soc. 9(2), 421422 (1966).

°A. R. Olsen, J. H. Coobs, D. M. Hewette, II, H. L. Krautwedel,
A. W. Longest, E. L. Long, Jr., J. W. Prados, and J. L. Scott, 'Perfor-
mance of Pyrolytic-Carbon-Coated Sol-Gel UO> Microspheres in High-Burmup
Irradiation Tests,” Trans. Am. Nucl. Soc. 10(1), 9697 (June 1967).
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To supplement the static and swept instrumented capsules used pri-
marily in the Advanced Gas-Cooled Reactor Program tests, we are conducting
a series of irradiation tests using static uninstrumented capsules. These
have been designated as '"X-basket' tests. The basic design of the first
two capsules in this series was reported previously.1 The design illus-
trated in Fig. 5.1 for X-basket 4 is typical of that used for X-baskets
3, 4, and 5. The basic change was to remove one low-temperature sleeve
and extend the high-temperature sleeve to accommodate more fuel samples.
The desired operating fuel temperatures of 400 and 1400°C are obtained
by varying the dimensions of a helium-filled gap between the graphite
sleeves and the metal tube. We include a series of melt wires to esti-
mate the temperatures achieved. A stainless steel tape, which extends

the full length of the capsule, monitors the neutron flux.

Comparison of Test Results with Model Predictions

The first two capsules in the X-basket series, X-baskets 1 (ORNL
43—89) and 2 (43—97), have been completely examined, and comparisons of
test results with earlier model calculations are presented elsewhere.’

We recently developed improved techniques for calculating the
influence of fast-neutron-induced dimensional changes and creep on
coated-particle irradiation performance6)7 and applied them to revise
our predictions of the burnups at failure for coated particles irradi-
ated in ETR X-basket experiments 1 and 2. The properties and assumptions
employed in our revised calculations were those used in the previous com-
parisons, with the following exceptions: (1) the coating rupture criterion
was taken as an "effective creep stress' of 60,000 psi rather than a tan-
gential tensile stress of 30,000 psi, (2) the release of fission gas from
the kernels of particles irradiated at the low temperatures (nominally

400°C) was taken as 10% rather than lOO%, (3) the irradiation creep

6J. W. Prados and T. G. Codfrey, STRETCH, A Computer Program for
Predicting Coated-Particle Irradiation Behavior; Modification IV,
December 1967, ORNL-TM~2127 (April 1968).

"J. W. Prados and T. G. Godfrey, "Improved Method for Calculating
Creep of Spherical, Anisotropic Pyrolytic-Carbon Coatings, ' GCR Program
Semiann. Progr. Rept. March 31, 1968, ORNL-4266, pp. 71-76.
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coefficient was decreased from 1.5 X 10727 to

1.0 x 10727 pgi-1 (neutrons/cm?®)-? (> 0.18 Mev), and (4) densification
of outer coatings in accordance with the Bokros-Schwartz model® was
incorporated into the calculations. The revised predictions are com-

pared with experimental results in Table 5.1 and Fig. 5.2. 1In general,

87. C. Bokros and A. S. Schwartz, "A Model to Describe Neutron-
Tnduced Dimensional Changes in Pyrolytic carbon,"” Carbon 5, 481492 (1967).

Table 5.1. Performance Comparison of
X-Basket 1 and 2 Coated Particles®

X-Basket 1 X-Basket 2
Type of Nominal Burnup Predicted Particle Type of Nominal Burnup Predicted Particle
Lot Coating,b Temperature® Attained Burnup at Failures Lot Coating,b Temp%raturec Attained Burnup at Failures
Inner/Outer (°C) (%) Failure (%) (%) Inner/Outer {0 (%) Failure (%) (%)
Sintered Oxide Sol-Gel Oxide
OR-339 L/G 400 10.8 18.1 0 YZ-60 L/G 400 18.5 17.4 0
1000 23.3 14.8 87 1400 25.3 13.0 1
OR-341 L/G 400 17.5 28.6 ]
1000 23.3 225 N
400 14.6 28.6 1
OR-342 L/ 400 18.5 28.0 0 YZ-47 L/1 400 21.3 28.3 0
1000 23.1 22.2 39 1400 25.4 22.5 0
400 12.9 28.0 0
OR-343 /1 400 14.4 26.7 0 YZ-56 11 400 16.8 26.1 0
1000 22.8 21.0 17 1400 245 19.9 4
400 18.5 26.7 0 400 22.0 26.1 0
OR-344 1/G 400 13.2 27.8 0 YZ-57 1/G 400 18.3 26.6 a
1000 221 21.9 0 1400 248 19.6 0
400 19.6 27.8 0 400 21.1 26.6 0
OR-348 P/L 400 15.5 39.5 0 YZP-29 P/L 400 20.4 >60 0
1000 22.9 31.4 0 1400 253 46.7 Y
400 17.4 39.5 0 400 16.6 >60 0
OR-349 L/1 400 12.0 15.7 0 YZ-66 L/l 400 20.0 15.0 <1
1000 23.6 13.0 100 1400 25.1 13.0 70
OR-354 P/i 400 16.6 43.8 0 YZP-28 P/ 400 19.3 >60 0
1000 23.2 34.8 0 1400 254 458 1]
400 15.9 43.8 0
Yz-549 L/G 400 21.8 16.7 0
1400 25.4 12.7 1
400 14.0 16.7 4]
Carbide Particles Control Samples of Sintered Oxide
OR-352 P/l 400 20.6 13.9¢ 2 OR-343 1/1 1400 23.7 19.9 1
1000 215 11.9¢ 42 OR-348 P/L 1400 2.2 29.3 0
OR-357 P/G 400 21.3 12.9¢ 30
1000 20.9 10.9¢ 30 Additional Samples of Sol-Gel Oxide
YZ-58 Lh 400 15.5 14.2 0
1400 24.9 10.7 66
400 22.8 14.2 25
YZ45 L 400 13.9 14.6 0
1400 25.1 10.5 100
400 235 14.6 3

¥ or easy comparison, samples in the two experiments with similar coating type and particle size are listed in the same line.

BCoating designation: L — laminar; G — granular; I — isotropic; P — porous.

€Actual irradiation temperatures are estimated to have ranged from 300 to 500°C in the low-temperature compartments and from 1000 to 1400°C in the high-temperature
compartments. Nominal values reported are estimates of average temperatures prevailing over the major portion of the irradiation.

9Corresponds to OR-339.

€Calculated value based on minimum measured inner-layer thickness.
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the agreement between observed and predicted failures has been signifi-
cantly improved, although several batches that survived the irradiation
were still predicted to fail. Particles with granular outer coatings
most frequently exhibited this anomaly; apparently the properties we
have assumed for the granular coatings are conservative.

The comparisons of experimental results with predictions should
help to resolve some of the remaining uncertainties on parameters used
in the existing calculational code. We are modifying our mathematical
model to include the analysis of the effects of an intermediate silicon
carbide layer in the coating. This modification is similar to that

proposed in a similar model.?

°J. L. Kase, A Mathematical Model for Calculating Stresses in a
Four-Layer Carbon and Silicon-Carbide-Coated Fuel Particle, GA-9031
{October 1968).
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coated particles, together with two types of coated particles tested
in X-basket 1, were incorporated in the test. Table 5.1 compares the
performance.

The principal difference in the two experiments is that the high-
temperature samples in X-basket 1 apparently operated at about 1000°C
instead of the intended 1400°C, while those in X-basket 2 achieved the
intended temperature. This difference in temperature probably had a
greater effect on particle performance than the change in fuel kernel
production processes. This is shown in Figs. 5.4 and 5.5. Two sintered-
kernel particle batches that were included in both experiments, together
with the comparable sol-gel kernel particles, are shown in these figures.
The coated particles of OR-348 were predicted by the model to survive
the irradiation, while OR-343 was predicted to fail. The better coated
particles survived both tests, but there is a significant difference in
the failure percentages for the two temperatures with the OR-343 parti-
cles. These results indicate a need for further refinement in our model
to account for temperature dependence in the irradiation damage or
irradiation-induced creep properties of the pyrolytic carbon coatings.
This is further substantiated by the difference in performance between
two similarly coated particles shown in Fig. 5.6. The predicted survival
of both the sintered particles (OR-342) and the sol-gel particles (YZ-47)
was borderline; yet 39% of the sintered particles failed at 20% burnup
at 1000°C, while none of the sol-gel particles failed at 25% burnup at
1300°C. A more dramatic difference is shown in Fig. 5.7, in which the
outer coating layer was granular on both particles. In addition to the
marked temperature effect, the low failure rate for the sol-gel (YZ—60)
particles indicates the failure stress or creep properties of the granular
coatings must be considerably different from those we are currently using
in the model calculations. This difference is also shown by the compari-
son of performance predictions and test results shown in Table 5.1 for
particles YZ-54 and YZ-67 in X-basket 2.

The results of these two tests show conclusively that coated parti-
cles with sol-gel-derived UO, microsphere fuel kernels perform as well
as similar particles with sintered fuel kernels. This conclusion has

been verified in other experiments conducted under the Advanced Gas-Cooled
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10

Reactor Program, in which sol-gel-fueled coated particles survived to

burnup levels of 35 to 50% FIMA in instrumented capsules at temperatures
between 1000 and 1300°C.

Summary of Jrradiation Tests on Sol-Gel-Derived
Fuels as Coated Particles

The irradiation tests discussed here represent only a few of the
tests on coated particles with sol-gel-derived fuel kernels. Most have
been conducted as part of the Gas-Cooled Reactor Program. Since these
tests are reported by that program, they are not discussed in detail
here. However, since they are complementary tests used to evaluate the
various parameters included in the mathematical model, it is appropriate
that we refer to the sources of information on these tests. Table 5.2
lists all the irradiation tests that have contained sol-gel-derived fuel
kernels. Details of the tests can be found in the appropriate Gas-Cooled

Reactor Program progress reports.il-18

105. A. Conlin et al., "High Burnup Coated-Particle Irradiation
Experiments in ORR Position F-9," GCR Program Semiann. Progr. Rept.
March 31, 1967, ORNL-4133, pp. 66-67.

1Ip. B. Trauger et al., GCR Program Semiann. Progr. Rept.
Sept. 30, 1966, ORNL-4036.

12D, B. Trauger et al., GCR Program Semiann. Progr. Rept.
March 31, 1968, ORNL-4266.

13p. B. Trauger et al., GCR Program Semiann. Progr. Rept.
Sept. 30, 1965, ORNL-3885.

14D. B. Trauger et al., GCR Program Semiann. Progr. Rept.
Sept. 30, 1964, ORNL-3731.

1°D. B. Trauger et al., GCR Program Semiann. Progr. Rept.
March 31, 1965, ORNIL-3807.

1D. B. Trauger et al., GCR Program Semiann. Progr. Rept.
March 31, 1967, ORNL-4133.

17D. B. Trauger et al., GCR Program Semiann. Progr. Rept.
Sept. 30, 1967, ORNI-4200.

18p, B. Trauger et al., GCR Program Semiann. Progr. Rept.
Sept. 30, 1968, ORNL-4353.
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Table 5.2. Summary of Irradiation Tests on
Coated-Particle Sol-Gel Fuels

Experiment

Fuel Varieties

X-basket No. 1
43-89

X-basket No. 2
43-97

X-basket No. 4
43-98

X-basket No. 3
43-104

X-basket No. §

43.105

Loop 1-14

Loop 1-15

B9-19

01-8

F-9 HIBUP

F-9 HIBUP-2

B9-31

B9-32

A9-8

Sintered UO,
and bed-
melted UC,

Sol-gel and
sintered UQ,

Sol-gel
(Th,1N0,

Sol-gel
(Th,U)0; and
sol-gel UO,

Sol-gel
(Th,U)O,

Sol-get ThO,
and (Th,U)0,

Sol-gel ThO,
and (Th,U)0,
Bed-melted UC,
and (Th,U)C,

Sol-gel
(Th,1)O,

Sol-gel
(Th,U}O, and
bed-melted
(Th,U)Cy

Sol-gel UQ,
Bed-melted UCy

Sol-gel UOy
Bed-melted UCy

Sol-gel U0,

Sol-gel UG,

Sol-gel UO,

Fuel Coated Type [‘_ue! Fission- Peak
Kernel ) Irradiation Gas Release o
Size Particle N of » Temperature Rate® Burnup 4 Status Objective
Variations”  Experiment p % FIMA
w perim o) Ry FEMA)

220 12 1 400; 1000 25 Examined Compare coated-particle
model performance
characteristics with
fuel performance

210 13 1 400; 1400 27 Examined Compare sol-gel
microsphere
performance with
sintered spheroids

280 15 1 400; 1400 20 Being examined Test fuel particles
prepared for irradia-
tion jn Dragon;
investigate coating
optimization and fast-
flux effects on
particle performance

230 10 1 400; 1400 25 Being examined Determine the effects of
the Th/U ratio on fuels
with a constant fissile
content

450 11 1 400; 1400 25 In-reactor Evaluate the performance

of fertile fuels and fast-
flux effects, including
radiation creep on coated-
particle behavior

240;210 2 4 1350;675 4.2x1078 2.7 Examined Evaluate the performance
of large beds of loose
coated particles and the
performance and fission-
gas retention of coated
sol-gel oxide kernels

230; 340 4 4 1400; 675 2X1078 to 12 Being examined Same as Loop 1-14, with
2%X107? controlled coolant
380; 180 purity and a preliminary

test of a lightly bonded
bed of coated particles

210 1 3 1200 2% 1076 0.7 Examined Test stability of sol-gel
oxide as a coated
particle

210 1 2 1130 0.03 Examined Test fueled graphite

sphere containing loose
coated particles within
an array of machined

holes
150 2 3 1400-1100 107 to 50 Examined Evaluate the fission-
125 107 product retention and

irradiation stability
of coated particles at
extended burnup levels

265-150 9 3 1400 2x107% 20 Examined Same as F-9 HIBUP,
190 including some SiC
coatings
210 1 3 1400 107% to 23 Being examined Test of mathematical
6x10™ model failure predic-

tions under monitored
gas-releasc conditions

280 1 3 1400 1x107% 25 In-reactor Evaluate performance
of low-temperature
pyrolytic carbon coatings

270 2 3 1400 1x1077 15 In-reactor Same as B9-32

Reference

12

11

14

15



Experiment Fuel Varieties
AS9 Sol-gel UO,
Bed-melted UC,
Dragon Sol-gel
(Th, )0,
A9-10 Sol-gel UG,
A9-12 Sol-gel UO,
A9-13 Sol-gel UO,
A9-14 Sol-gel
(Th,0)0,
A9-15 Sol-gel UO,
Sol-gel ThO,
bonded
B9-33 Sol-gel UQ,
B9-35 Sol-gel UO,
B9-36 Sol-gel UO,
Melted UC,
B9-37 Sol-gel UO,
B9-39 Sol-gel UO,
B9-41 Sol-gel U0,
B9-42 Sol-gel ThO,
bonded
¥-9 HIBUP-3 Sol-gel ThO,
bonded
HFIR-HT-1 Sol-gel ThO,
DFR-3 Sol-gel ThO,

Fuel
Kernel
Size

)

240
210

280

200

270
240; 270
430

230; 400

270

240
270

240

240

230;400

230; 400

2305400

275;425

275
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(Continued)

Table 5.2.

N . Fuel Fission-
(,oa.(ed Type Irradiation Gas Release
Particle of il

Variations?  Experiment? Temgeralure Rate

O (R/B)

8 3 1000
2 5 700-1100
1 3 1000-1500 1.0 X 1077
1 3 1650 >1073
2 3 700-1200 1x1073
1 3 1250 9x107®
1 3 1250 4x1078
1 3 1250 1x1075
1 3 1250 1.8 x 1078
1 3 8001300 >1073
1 3 1700 3x107%
1 3 900 3X1078
2 3 650 1.7x 1077
2 3 650
1 3 1200 2x1076
17 1 700; 1100
4 1 1150

Peak
Burnup
(% ¥IMAY?

8.9

12.3
2.0
2.0

35

6.0

10.7
5.0

7.7

13.3

27

38

0.0

Status

In preparation

In-reactor
Dec. 1966 to
Sept. 1969

Examined

Examined
Examined

Examined

Examined

LExamined

Examined

Examined

Examined

Examined

In-reactor

In preparation

Examined

Examined

Examined

Objective

Test retention of solid
fission products

Evaluate sol-gel oxide

fuels as coated particles

in a fuel element of an
operating High-Temperature
Gas-Cooled Test Reactor

Mechanisms of fission-
product release

Performance at high temp
Releasc rate from uncoated UQ,

Test engineering-scale coatings

Bonded bed to high burnup

Test Butadiene-derived coating
Barrier coating at reference temp

Release rate from uncoated UC,

Performance of barrier
coating at high temp

Performance at mean
HTGR fuel temp
Fission-product behavior
in postirradiation
heating experiments

Bonded bed to high burnup

Effects of fast neutron
fluence on performance

Effects of fast neutron
fluence on performance

“Coated particle variations include both coating parameter and fuel composition variables to make up the different types of coated particles in a test.
psul 3. Instr

b1. Noninstrumented static-atmosphere capsules.
5. Test reactor fuel rods.

experiments.
“Release-to-birth rate ratio for 8
dEissions per initial metal atom.

EKr.

2. Instrumented static-at pl

ted

p-gas capsules.

Reference

16

17
17
12

12

12,18

4. Instrumented circulated gas loop

We are using the mathematical model to design all our irradiation

experiments and are using the experimental results to refine the model

parameters.

model will be used together with the process development results to

The specific performance predictions from the mathematical

establish optimum economic specifications for coated-particle fuels for

use in an operating high-~temperature gas-~cooled reactor in which both

the fuel composition and the irradiation conditions will vary with core

position.
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6. BULK OXIDE PROCESS DEVELOPMENT

R. B. Fitts

The bulk oxide reactor fuels have exhibited excellent in-reactor
performance and are the predominant fuels in today's power reactors.
Nevertheless, there is a real incentive to develop more economical
fabrication techniques for the bulk oxides. The claylike materials,
powders, and microspheres from the sol-gel process lend themselves to
the production of extrusions, pellets, and Sphere-Pac fuels. Extrusion
work was summarized previously,1 and further work has been deferred to
emphasize work on Sphere-Pac and pellets. All three of these fuel forms,
at their present state of development, appear to offer economic and/or

technical advantages over the standard oxide pellet fabrication techniques.

Low-Energy Microsphere Packing (Sphere-Pac)

R. B. Fitts A. R. Olsen J. Komatsu?®

High-density microspheres of (U,Pu)Og produced by the ORNL sol-gel
process are ideally suited for fuel rod fabrication by the Sphere-Pac
process. We are developing this fabrication process to produce fuel
rod loadings with smear densities in the range 80 to 90% of theoretical.

We have reported on our initial Sphere-Pac development work in the
4,5

last progress report3 and elsewhere. The Sphere-Pac process at that

'A. B. Meservey, R. B. Fitts, K. H. McCorkle, J. P. McBride,
J. M. Robbins, J. G. Stradley, and R. L. Hamner, Status and Progress
Report for Thorium Fuel Cycle Development, Dec. 31, 1966, ORNL-4275,
pp. 104-118.

2Foreign visitor on leave from the Japanese Power Reactor and
Nuclear Fuel Development Corporation, Japan.

3A. R. Olsen, Status and Progress Report for Thorium Fuel Cycle
Development, Dec. 31, 1966, ORNL-4275, pp. 118-120.

“A. R. Olsen, J. D. Sease, R. B. Fitts, and A. L. Lotts, Fabrica-
tion and Irradiation Testing of So0l-Gel Fuelg at Oak Ridge National
Laboratory, ORNL-TM-1971 (September 1967).

°F. G. Kitts, R. B. Fitts, and A. R. Olsen, "Sol-Gel Urania-Plutonia
Microsphere Preparation and Fabrication in Fuel Rods,” pp. 195-210 in
Intern. Symp. Plutonium Fuels Technol., Scottsdsle, Ariz., 1967, Nucl,
Met. 13, American Institute of Mining, Metallurgical and Petroleum
Engineers, New York, 1968.
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time involved pouring the large microspheres into the cladding tube,
vibrating the tube to settle the poured bed, and then infiltrating this
bed with the fine microspheres.

These studies of binary packing have verified the results of earlier

workers in this field,6’7

provided practical evidence of the simplicity
and reproducibility of the binary Sphere-Pac beds, and yielded 30 samples
of 3- to 6-in.-long fuel columns at around 84% volume packing for char-
acterization and irradiation testing.

We have continued to investigate Sphere-Pac, and in particular we
are attempting to produce denser beds (88% and higher). We have inves-
tigated the effectiveness of blending two sizes of large spheres to form
the initial poured bed. We placed about 60 g of coarse and medium size
spheres in a 3.5-cm-diam 120-cm® bottle, rolled the bottle at 275 rpm
for up to 5 min, poured the blended spheres into a 1.07-cm-ID graduated
tube, and packed the unrestrained bed by vibrating for from 1 to 120 min.
Blending was complete after about 1 min, and the poured bed was settled
to maximum density after about 1 min of vibration on a Syntron vibrator.
The conditions of vibration were 60 cps with about 7g horizontal and 2g
vertical acceleration of the bed.

The first data on blending were obtained with equal weights of
coarse and medium spheres to determine the general trend in bed densities
and to examine the problem of segregation of the size fractions.

Figure 6.1 presents the general trend. A definite increase in bed den-
sity is obtained with increasing sphere diameter ratios, and an unre-
strained bed will begin to segregate during vibration when the size
ratio exceeds about 3.5. The blended bed density lacks reproducibility
at higher diameter ratios, probably because of segregation during
blending.

Figure 6.2 illustrates our results on blended bed volume packing

(PV) as a function of the volume percentage of coarse and medium spheres.

®R. K. McGeary, J. Am. Ceram. Soc. ii(l@), 513-522 (1961).

: ;J. E. Ayer and F. E. Soppet, J. Am. Ceram. Soc. 48(4), 180-183
1965). -
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Fig. 6.1. Volume Packing for Unrestrained Equal-Weight Mixture of
Two Sizes of Spheres and Effect of Vibration After Mixing.

These results agree well with those obtained by McGeary6 and extend them
to lower diameter ratios and smaller spheres. The data obtained from
the maximum density point (about 65% coarse and 35% medium) on these
curves may be used to calculate the packing efficiency (PE) of the
medium size spheres in filling the void between the coarse spheres. To
calculate this efficlency on a uniform basis, we assume an artificial
packing efficiency for the coarse spheres of 63.5%. This is the limit
for packing efficiency of a single size sphere in a large tube, as
presented by Ayer.”

Using this basis for the packing efficiency of smaller spheres in
a bed of large spheres, we obtained the values in Fig. 6.3. Some data
from McGeary and Ayer are also included. The agreement is excellent
for diameter ratios up to 8 or 10. Above this range, Ayer's values

deviate significantly from our findings and those of McGeary.
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Since our objective was to produce a packed bed with a density
higher than the 84% obtained from two size fractions, we then tried
infiltration of a blended bed with a small size fraction. Based on the
data in Fig. 6.3, we used a small size fraction one-tenth the diameter
of the medium size in the blended bed. Using a single infiltration of
fine spheres into a blended coarse bed, we obtained packing densities
exceeding 88%.

A final point to be resolved was the uniformity of Sphere-Pac fuels
formed by the blended bed approach. We have prepared four 10-in.-
long X 0.345-in.-diam fuel columns by blending ThO, microspheres (diam~
eter ratio 4) for the coarse, blended bed and infiltrating fine spheres.
We measured the density variation with a gamma-ray absorption densitom-

eter?

before and after infiltration. One of the coarse beds was uniformly
dense (71 + 1.5% of theoretical) over the entire fuel length. Two had
low-density regions (about 66% of theoretical) 2 in. long at the bottom.
The other exhibited low dengsity at bottom and top. After the infiltra-
tion of small spheres, the low-density regions were gone, and the rods
were of uniform density (88 * 1.5% of theoretical) over the entire length.
The density variation in the blended bed before infiltration can probably
be eliminated by more sophisticated or better controlled blending tech-
nigues. The obliteration of the low-density regions during infiltration
1s to be expected since the voids in these areas are larger and allow
more efficient packing of the fines.

Using the information on blended bed densities and packing efficien-
cies obtained during this experimental program, we have developed a
graphical construction, shown in Fig. 6.4, to correlate and generalize
all of our information relating to the Sphere-Pac fabrication procedure.
If a 45° operation line is established between the two zero points of
the axes, then the void volume associated with any packed volume may be
determined by reading up and then across (Line ABC). If we now construct
a line joining the packing efficiency of a given size sphere (percentage

of available void volume filled by spheres) to the void volume zero point,

8B, E. Foster and S. D. Snyder, Mater. Evaluation 2@(2), 27-32
(1968). T
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Fig. 6.4. Analysis of Sphere-Pac Beds.

the horizontal distance between this line and the operation line is
always proportional to the packing efficiency multiplied by the void
volume associated with that packed bed density. Thus, the line AD
represents the packing of a single size sphere in a large tube or in a
packed bed where the diameter of the sphere is less than approximately
1/25 that of the smallest sphere in the packed bed.

This curve may be used to illustrate the effect of serial infiltra-
tions with spheres with diameter ratios (dl/d2> greater than 25. We
will obtain 63.5% packing with the coarse spheres. If we then infiltrate
a small size sphere at this same efficiency we would obtain, from
point E, an &87%-dense bed, and a second infiltration produces a 95%-dense
bed. This type of line must also be plotted for the packing of spheres
having diameters of various ratios to that of the large spheres in the
bed. These data are shown by the dotted lines for spheres of 1/4, 1/7,
and l/lO the size of the spheres in the bed and were obtained from the
plot of Py vs d1/d, in Fig. 6.3.
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We may now see the effects of using a blended bed or the effect of
infiltration at less than the optimum 63.5% packing efficiency. If a
d1/d, ratio of 4.0 is used for a blended bed, the bed density (volume
packing) is increased to 72%, point F. Infiltration with spheres one-
tenth the size of the medium fraction produces an 88%-dense bed, point G.
This is exactly the density that we have obtained and reproduced by this
technique. We have also produced 86.5%-dense beds by infiltration of a
blended bed (dl/dg = 3.4) with the lO/l size ratio of medium to small.
This is the density predicted by the graphical correlation for these
conditions.

The above discussion shows that to produce a 90%-dense fuel we must
use either a double infiltration with very carefully controlled sphere
sizes or a blended bed at dl/dg of about 5.8, followed by a single
infiltration. This requires investigation of the behavior of beds
blended at this diameter ratio since they tend to segregate, as was
shown in Fig. 6.1.

Our work on the Sphere-Pac process has been presented at an
American Ceramic Society m.eeting,9 and a final report is in preparation.
We feel that it is a promising technique for bulk oxide fuel fabrication
over the range of 80 to 90% volume fuel loading and that the use of
blended beds is the most attractive approach to the formation of fuels

with density near 90%.

Pelletizing of Sol-Gel Oxides

R. L. Hamner J. M. Robbins R. A. Bradley

Techniques for making Th0,—6% UO, pellets from sol-gel-derived
powders have been investigated by Robbins and Stradley.lo They studied
the effects of sol-gel powder calcination temperature, moisture content,

uniaxial and isostatic forming pressure, and sintering atmosphere on the

°R. B. Fitts, A. R. Olsen, and J. Komatsu, "Sphere-Pac Fabrication
of Sol-Gel Nuclear Fuels," Am. Ceram. Soc. Bull. 21(9), 844 (1968).

07, M. Robbins and J. G. Stradley, Fabrication of Sol-Gel-Derived
Thoria-Urania by Cold Pressing and Sintering, ORNI-4420 (in preparation).
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bulk density of sintered pellets. Differential thermal analysis (DTA),
thermogravimetric analysis (TGA), and BET surface area measurements were
used to characterize the sol-gel powder. They produced ThO,—6% UO,
pellets with shrinkages ranging from 16 to 20%, bulk densities ranging
from 78 to 95% of theoretical, and oxygen-to-uranium ratios of 2.67
before hydrogen reduction to 2.00.

We are now investigating the pelletization of sol-gel urania. We
produced urania powders from dried microspheres and shards by grinding
them to —325 mesh and from a liquid sol by freeze drying.ll This
generally involves freezing the wet material, placing it under vacuun,
and supplying enough heat to sublime the frozen moisture out of the
structure without melting it. Our source materials are described in
Table 6.1. Most of the material was processed in air; however, a por-
tion of the powder produced from shards was processed in argon to
provide a comparison of the sintering behavior. We produced 0.2-in.
right cylindrical pellets from all of the powders and from whole micro-
spheres by a number of fabrication schemes shown in Fig. 6.5. The
selection of a sintering schedule and atmosphere was based on sintering
studies of urania microspheres by DTA, chemical analysis, and x-ray
crystallite size measurement. The pellets were sintered in Ar—4% H, at
about lOOOC/hr to the temperature indicated in Fig. 6.5. We used a soak
period at 150°C to subdue an intense exotherm that occurs just above
this temperature because of a nitrate-organic reaction and another soak
at 450°C to remove as much of the volatile material as possible before
sintering began just above this temperature. In most of our experiments,
steam was introduced into the gas stream between room temperature and
1000°C because we had found it to be effective in the removal of carbon.'?

For comparison, we sintered some pellets in a dry atmosphere.

My, ow. Flosdorf, Freeze-Drying, Reinhold Publishing Corporation,
New York, 1949.

1?4, Beutler and R. L. Hamner, "Drying and Sintering of Sol-Gel
Urania Microspheres,” Metals and Ceramics Div. Ann. Progr. Rept. June 30,
1967, ORNL-4170, pp. 223-226.
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Used for Pelletizing

Description of So0l-Gel Materials

Values for Different Physical Forms

Preparation Variables Gel sol Gel Gel
Spheres Shards®  ShardsP
Drying temperature, °C 185 9095 90-95
Drying atmosphere Ar-H,0 Argon Argon
Sol compositions:
U, M ~ 0.6 0.71 0.71 0.915
U(IV), mole/mole U ~ 0.89 0.89 0.89 0.896
NO3, mole/mole U ~ 0.18 0.183 0.183 0.093
HCOO™, mole/mole U ~ 0.3 0.38 0.38 0.41
aCrystallite size: 55 A.
bCrystallite size: 35 A.
ORNL-DWG 67-12991R
U0, SOL-GEL MICROSPHERES U0, SOL U0, SOL-GEL SHARDS
(Dried 185°C - Argon — H,0) Q.74 M) (Dried 90-95°C - Argon)
[ 1
Steam Stri .
Grind (-325 mesh) 450°:3ein Arj4;o Hp Whole Microspheres Freeze Dried Grind (-325 mesh)

Grind (-325 mesh)

Screened (-325 mesh)

\ Lubricants Added

(a} None
(b) 5% H0
(c) 5% Carbowax

— o ———

A

Y

\

| Isostatically [
Pressed |
L_ 60,000 psi i

Uniaxially Pressed. o) 15,000 psi

b) 30,000 psi

\

Fig. 6.5.

|
L

Sintered 1000°C-H0-Argon-4% H,

I

1]

Sintered 1430°C- Dry Argon-4% H,

g

]

!

[ Sintered 1600°C - Dry Argon -4% Hjz

Fabrication of UO; Sol-Gel Pellets.
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The histories and densities of the pellets obtained by our various
fabricatlion schemes are shown in Table 6.2. The results are not shown
for pellets prepared with lubricants, since these had no significant
effect on the densities obtained. A summary of our observations and
results follows.

We had no difficulty in pelletizing the powders or the whole micro-
spheres, and by various fabrication schemes we produced pellets ranging
in density from 68.7 to 92.9% of theoretical after sintering at 1430°C.

We obtained the highest densities from powders derived from the
two batches of shards. For each batch of this material, slightly higher
densities resulted from the material exposed to air than from the mate-
rial protected by argon, but densities were not significantly affected
by the difference in crystallite sizes of the two batches (55 and 35 A).

Powder obtained by freeze-drying UO, was less sinterable than the
powdered microspheres. All of the pellets pressed at 30,000 psi from
freeze-dried powder cracked during sintering. Calcination of the powder
at about 200°C eliminated the cracking. We are studying freeze-drying
further to determine how drying conditions affect the powder produced.

Pellets pressed from the whole microspheres were almost as dense
as those prepared from powdered microspheres after sintering at 1430°C
and had the outward appearance of consolidated microspheres stuck
together by a porous matrix.

We obtained the lowest densities on pellets derived from micro-
spheres that had been steam-treated in Ar—4% H, at 450°C before being
ground to a powder.

Pellets sintered in dry Ar—4% H, were about as dense as pellets
sintered in a steam-Ar—% H, atmosphere, but the steam treatment will
probably be necessary to keep the carbon content low; for example,
pellets subjected to the steam treatment retained only 50 ppm C, whereas
pellets from the same batch of powder sintered in dry gas retained
380 ppm C after a final sintering at 1430°C.

For the same material, sintered densities increased with increase
in uniaxial forming pressure, as expected. Isostatic pressing at
60,000 psi, of course, had a strong influence on density; but we prefer

to avoid this operation if possible.
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Table 6.2. History and Densities of Pelletized
U0, Sol-Gel Materials

Forming Average Sintered DensitiesP
Material Description® Pl("eS§1)Jre (% of theoretical)
psi

1000°C 1430°C 1600°C

x 102
Dried sol-gel shards® 40 92.9
ground to —325 mesh 30 92.6
15 86.8
Dried sol-gel shards® 30 89.8
ground to —325 mesh; 15 81.8 84 .4
processed in argon
Dried sol-gel shardsd 40 92.3
ground to —325 mesh 30 90.3
15 82.5
Dried sol-gel shardsd 40 91.5
ground to —-325 mesh; 30 88.3
processed in argon 15 79.9 80.8
Sol freeze-dried 30 e
to —325 mesh powder 15 78.7 82.2 84.6
Microspheres, ground to 60f 87.5 90.3
—325 mesh 30 73.5 79.9 82.0
15 68.1 72.7
Microspheres, steam-stripped 30 70.0 75.7 77.5
in Ar-4% Hy at 450°C, ground 15 64.9 69.4 72.5
to =325 mesh
Whole microspheres 30 71.1 78.7
15 63.1 68.7 70.1

a . . .
Powder processed in air except where noted otherwise.

bValues at more than one sintering temperature were obtained on the
same pellet.

Ccrystallite size, —55 A; oxygen-to-uranium ratio, 2.512 (air),
2.288 (argon).

dCrystallite size, =35 A; oxygen-to-uranium ratio, 2.49% (air),
2.470 (argon).

®a11 pellets cracked.

fIsostatically pressed.
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Lubricants such as Carbowax and water did not significantly affect
the density of pellets pressed at 30,000 psi or less, but the use of
much higher pressures might require the use of a lubricant to prevent
laminations.

We have selected powders derived from dried shards and from freeze-
dried sols as being the begt candidates for further studies of pel-
letizing; for reference, however, we shall continue to pelletize
powdered microspheres. Our immediate plans are to investigate further

means of increasing the densities of the candidate materials.
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7. CHARACTERIZATION OF OXIDE FUELS

A. R. Olsen

In evaluating the potential of any fuel process and fabrication
technique, it is essential to establish some of the characteristics of
the particular material. This information is also invaluable in the

interpretation of the results of irradiation test performance.

Thermal Conductivity

D. L. McElroy J. P. Moore
P. H. Spindler

We have measured the thermal conductivity of sol-gel-derived fuels
on two types of specimens. In one study,l sintered pellets of sol-gel
ThOz were used to determine the effect of porosity, UO, content, and
sintering conditions on the thermal conductivity (A) between 30 and
120°C. A second study involved Sphere-Pac beds of sol-gel thoria to
determine the effects of temperature, gas, and gas pressure on thermal
conductivity between 50 and 1000°C.

The thermal conductivity of 93.7%-dense ThO, was measured from 80
to 1400°K and compared with similar measurements on UO,. The heat trans-
port in single-crystal and polycrystalline LiF is being studied from 80
to 1100°K to assess the magnitude of radiation conduction, with the hope

that such knowledge can be applied to oxide nuclear fuels.

Sintered Specimensl

A longitudinal heat flow technique was used to measure thermal con-
ductivity on the nine specimens described in Table 7.1. The two sol-gel
ThO, samples had equivalent densities and showed little effect of sin-

tering conditions on A. For the three oxalate ThO, specimens N at 75°C

3. p. Moore, T. G. Kollie, R. S. Graves, and D. L. McElroy, Thermal
Conductivity Measurements on Solids Between 20 and 150°C Using a Compar-
ative Longitudinal Apparatus: Results on MgO, BeO, ThOz, ThxUi_xOz+y
and Al1-UO, Cermets, ORNL-4121 (June 1967).
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Table 7.1. Specimen Description and Thermal Conductivity
Data for Thoria and Thoria-Urania

Thermal Conductivity®

. e Density Sintering -1 op-1
Specimen Description (g/cm3) Conditions (w cm )
30°C 75°C 120°¢C

Sol-gel thoria 9.046 In hydrogen 0.0828 0.0702 0.0596
at 1750°C

Sol-gel thoria 9.046 In air at 0.0817 0.0692  0.0509
1650°C

Oxalate thoria 9.525 In air at 0.1260 0.1100 0.0958
1650°C

Oxalate thoria 8.582 In air at 0.0934  0.0800 0.0683
1650°C

Oxalate thoria 8.116 In air at 0.0593 0.0523  0.0480
1650°C

Thy os3Us 04n0s 0ae’  9.067  Tnair at  0.0351 0.0347  0.0340
1650°C

b .

Thy 050Y5 . 061%. 026 9.043 In air at 0.0245  0.0244  0.0243
1650°C

Mo .557Y%.063%.c00 8.796 c 0.0972 0.0832 0.0708

Thy 553950479 . 000 8.733 In hydrogen 0.0852 0.0769 0.0683
at 1750°C

%Smoothed values are tabulated here. Measured values were precise
to within #0.25% and have a probable accuracy of +1.75%. Some of these
specimens were ground flat in a solution of ethylene glycol and water.
The solution had a noticeable effect on the specimen conductivity when
the measurements were made shortly after grinding. It was necessary,
therefore, to thoroughly dry the samples by heating to 400 or 500°C in
air before making measurements.

bTwo samples of each material were measured, with similar samples
agreeing to within 0.5%.

CSintered in air at 1650°C and then sintered in hydrogen at 1750°C.

is 30% higher than for sol-gel thoria with equivalent densities. The
data predict a thermal conductivity of 0.122 w em™' °C™! for theoreti-

cally dense ThO, at 75°C, when corrected for porosity by

A= App(1=P)/(1 +pP), (1)

where P is the pore volume fraction and f is an empirical parameter

describing the effect of porosity. At 75°C, B is 1.2 for oxalate ThO;



123

and 6.5 for sol-gel ThO,, indicating a large effect of porosity and
structure.

The effects of oxygen and uranium contents on the thermal conduc-
tivity of sol-gel ThXUl—xoz+y can be compared in Table 7.1. The oxygen-
to-metal ratio was maintained at essentially 2.000 when specimens were
sintered in hydrogen or sintered in air and then reduced in hydrogen;
that is, y < 0.001. However, air-sintered materials had significantly
higher oxygen-to-metal ratios and y values from 0.028 to 0.026. The
significant effect of this change in oxygen-to-metal ratio is that the
air-sintered materials have about half the thermal conductivity. Pure
thoria showed essentially no difference between the values for air- and
hydrogen-sintered material. Therefore, the great difference in the
mixed oxide specimens must be attributed to the effect of oxygen-to-
metal ratio. If the excess oxygen atoms in the air-sintered materials
are interstitials, the thermal conductivity would be reduced by the

increase in the number of phonon scatterers. This effect has been

shown by Godfrey et g;.z to be large in hyperstoichiometric UO;.

Sphere-Pac Bed Microspheres

A radial heat flow apparatus similar to one described by Flynn3
was used, as described elsewhere,4 to measure the thermal conductivity
of two vibratorily compacted beds of thoria microspheres in helium and
argon up to 1000°C. The gas pressure ranged from 0.3 to 2 atm. One
bed consisted of thoria microspheres less than 44 u in diameter packed
into the measurement chamber to a powder density about ©64% of the theo-
retical density of thoria. The second bed consisted of a typical duplex~
particle Sphere-Pac loading with 420-p and less-than-44-u microspheres
loaded to give a bed density about 84% of theoretical.

2T, G. Godfrey, W. Fulkerson, T. G. Kollie, J. P. Moore, and
D. L. McElroy, Thermal Conductivity of Uranium Dioxide and Armco Iron
by an Improved Radial Heat Flow Technique, ORNL-3556 (June 1964).

°D. R. Flynn, J. Res. Natl. Bur. Std. C 67(2), 129-137 (1963).

“J. P. Moore, D. L. McElroy, and R. S. Graves, "Thermal Conductivity
of a 58% Dense MgO Powder in Nitrogen," (Abstract) p. 711 in Thermal
Conductivity, Proc. 7th Conf. Gaithersburg, Maryland, Nov. 13-16, 1967,
Nat. Bur. Std. Spec. Publ. 302, ed. by D. R. Flynn and B. A. Peavy, Jr.,
National Bureau of Standards, Washington, D. C., September 1968.




124

The thermal conductivity as a function of temperature at 1 atm of
gas pressure is shown in Fig. 7.1. The results are accurate to better
than +3%. In addition to the packed-bed conductivity, we have included
a curve for theoretically dense solid thoria, as recommended by Powell,

Ho, and Liley,5 and high and low thermal conductivity values for helium

gas from Massey.®

°R. W. Powell, C. Y. Ho, and P. E. Liley, Thermal Conductivity of
Selected Materials, NSRDS-NBS & (November 1966).

°G. V. Massey, The Thermal Properties of Gases for Use in Reactor
Heat-Transfer Calculations, DEG-Report 14(D) (1960).
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The 84%-dense bed had a higher thermal conductivity than the 64%-
dense bed. The thermal conductivity in helium for both loadings is

substantially greater than that in argon. The temperature independence

of thermal conductivity for the powders and the low values of the 64%-
dense material in helium when compared to helium gas conductivity indi-
cate that the void size between the particles is limiting the mean free

path of the gas molecules. Thus, the conductivity of the gas between

7

the solid microspheres is lowered. For this condition Deissler and Eian

showed thermal conductivity to be sensitive to pressure changes. This
is because the mean free path varies inversely with pressure. The effect
of varying the gas pressure on thermal conductivity of the Sphere-Pac

beds is shown in Fig. 7.2. These results are similar to those observed

"R. G. Deissler and C. S. Eian, Investigation of Effective Thermal
Conductivities of Powders, NACA-RM-E52C05 (June 1952).
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by Deissler and Eian for MgO and by Masamune and smith® for glass beads;
small solid particles were used in both.
Similar measurements are planned for UO; and (U,Pu)Og materials

derived from the sol-gel process.

ThO,, 93.7% Dense, Measured to 1400°K

A ThO, specimen wag supplied by the U.S. Air Force Materials
Laboratory for thermal conductivity measurements to assess the applica-
bility of this material as a high-temperature thermal conductivity
standard. 1In brief, our results indicate ThO, to be an ideal standard.®

The ThO, specimen was 93.7% of theoretical density with all pores
closed and a grain size of about 18 p. We measured A from 80 to 400°K
in a guarded longitudinal heat flow apparatus with a most probable
accuracy of +1.2% and from 320 to 1400°K in a radial heat flow apparatus
with a most probable accuracy of +1.5%.

The measured thermal conductivity values from both apparatuses
were corrected to theoretical density by Eq. (l) with B = 0.5. These
results in Fig. 7.3 indicate that the thermal conductivity of ThO:
decreases continuously from 80 to 1400°K. The agreement between the
two apparatuses was better than +1% in their 100°K range of overlap.

A limited analysis of these data has been completed. Figure 7.4
indicates the temperature dependence of the thermal resistivity (1/A)
of ThO,. Two straight lines describe the data:

1/

0.01935T — 0.1550, 200 to 400°K ;

1/

0.02141T — 0.9800, 400 to 1400°K .

Both apparatuses indicated the slope change that occurs near 400°K. The
quality of the data 1s indicated in Fig. 7.5, where the deviation from
the high-temperature equation is plotted against temperature. The

results from 400 to 1350°K are within +1% of this equation. The

83. Masamune and J. M. Smith, "Thermal Conductivity of Beds of
Spherical Particles,” Ind. Eng. Chem. Fundamentals 2, 136—143 (1963).

°J. P. Moore, R. S. Graves, and D. L. McElroy, "Thermal Conductivity
of ThOp and U0z from 77 to 1300°K," paper presented at the 1968 Fall
Meeting of the American Ceramic Society, Nuclear Division, Oct. 69, 1968,
Pittsburgh, Pa.
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deviation at 1400°K may not be real since this is near the upper limit
of the present radial apparatus.

The slope of the ThQ; thermal resistivity temperature relation
above 400°K is within 2% of the slope found for U0, from 500 to 1200°K
and shown as the upper line in Fig. 7.4. If these portions of the
curves represent 3-phonon Umklapp scatterings, they indicate that the
Debye temperatures of ThO, and U0, are the same within 7%. This agrees
with Debye temperature results from x-ray and elastic constant analyses
of ThO; and UO,. The large difference in the constants of the ThO, and
U0z equations and the curvature in the UO; thermal resistivity near
300°K are due to phonon scattering by spin disorder. This is the result
of the antiferromagnetic-to-paramagnetic transition in UO, at 30°K. No

such transition exists in ThO,, so the thermal resistivity of ThO, is

lower.
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Thermal Analysis with ThO;

Experiments on the mechanisms of material transport in ThO, involve

©  fThese transients have

imposed thermal transients on powder com.pacts.l
this form: an initial constant rate of change of the surface temperature
for a fixed time period, followed by a constant surface temperature for

a fixed time period. The resulting temperature gradients in the sample
could influence the resulting densification data obtained to examine the
mechanism of material transport. A series of calculations were made to
assess these temperature gradients for the imposed transients on ThO,
powder ccmpacts. The governing differential equations were solved for
the imposed boundary conditions for three cases: (1) an infinite slab,
(2) an infinite cylinder (both with major dimensions of the compact),

and (3) a sphere with a volume equal to the compact. These solutions
were programmed for computer calculations, and the thermal response of
various depths in the bodies was examined. The results indicated that
thermal gradients are not important in these densification studies at
1500°C and that center-line temperatures are within 1°C of the surface

temperature after a time period in the constant temperature hold that

is less than 10% of the period of increasing temperature.

LiF Thermal Conductivity

To assist our understanding of the behavior of oxide nuclear fuels
at high temperatures, such as the above-described data on ThO,, and to
obtain useful guidelines on the effects of infrared transmission and
vacancy formation on the thermal conductivity, we are studying heat
transport in LiF. This optically transparent insulator may allow an
evaluation of the magnitude of radiation conduction in other materials
where this phenomenon occurs at temperatures where measurement accuracy
is poor.

Thermal conductivity measurements on LiF single crystals progressed
to 1073°C. Two runs were made, from 343 to 773°K and from 471 to 1073°K,

in the radial heat flow apparatus. The high coefficient of thermal

1

10¢, 3. Morgan, "Activation Energy in Sintering," Metals and Ceramics
Div. Ann. Progr. Rept. June 30, 1968, ORNL-4370, pp. 33-34.
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expansion of LiF (o = 73 X 107%/deg at 800°C) caused rupture of the core
heater potential taps and stopped the first run. The second run was
stopped 42° below the melting point, which is 1115°K, because the expan-
gion caused most of the thermocouples to become open circuits.

Figure 7.6 shows the thermal resistivity as a function of tempera-
ture for two measuring planes in the LiF single-crystal disks of the
second run. Some small difference in the two curves is noted since the
top plane disk was used in the first run. The experimental data are
plotted onto a network of curves generated by the computer. The straight
line of the computer plot is calculated from our low-temperature linear
thermal resistivity data. We assume the heat transport at high tempera-
tures is being influenced by radiation transfer, and this accounts for
the curved lines. A first estimation for the total thermal conductivity

is made as follows

A= A+ 160n°T°/3k , (2)
where
o =5.67 X 10°% w m™? °C™%, the Stefan-Boltzmann constant,
n = the index of refraction, taken to be 1.38 for LiF,
T = absolute temperature,
k = the index of absorption, and
%L = the lattice conduction part of thermal conductivity.

This relation is an approximation for '"gray absorption,'" which means k

is assumed to be independent of wave length and temperature, a suspect

assumption at best. The curves in Fig. 7.6 were generated by the com-

puter for k values from 0.5 to 7 in steps of 0.5 and are plotted as the
reciprocal of Eq. (2).

The behavior of the experimental data plotted on the computer grid
shows that up to &bout 850°K the nonlinearity of A™! due to thermal
radiation follows the curve with k = 6. Above 850°K, the experimental
data deviates, possibly because of (1) a change of k with temperature,
or (2) an error in the temperature gradient measurement due to exposure
of the inner thermocouple to a larger space angle of energy radiation.

Experimental difficulties at the high temperatures prohibited

demonstration of the influence of thermally produced vacancies and
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thermal diffusion on thermal conductivity. Consequently, a third test
is under way, using a theoretically dense polycrystalline LiF specimen.
The assembly for this run was made to allow for the LiF thermal expan-
sion, and hopefully this will allow data to be obtained to the melting
point. Calculations are in progress to include a wave-length and tem-
perature dependency in the absorption term for a more complete interpre-

tation of the data.

Mechanical Properties of Sol-Gel-Derived Fuel Bodies

C. S. Morgan L. L. Hall A. R. Olsen

The ability of a fuel to deform plastically at various temperatures
and to support loads is an important influence on the irradiation perfor-
mance of a metal-clad fuel body. The strength of the material may
influence the formation of fisgion-gas bubbles, and the ability to
plastically deform may influence the utilization of included porosity *o
accommodate solid fission product swelling. The creep of thoria from
standard fabrication processes has been investigated at ORNL. *'s12  More
recently, we have begun the investigation of the compressive creep of
sol-gel-derived thoria pellets. The pellets were fabricated from 400°C-
calcined powder with isostatic pressing at 60,000 psi. They were sin-
tered in air for 2 hr at 1450°C and then in hydrogen for 0.7 hr at 1750°C.
The resulting density of the pellets was 8.8 g/cm’® as determined by

mercury porosimetry and 9.1 g/cm3

by water immersion.

Although the studies of compressive creep performance on these
pellets were limited, some of the findings are of interest. To obtain
some information on the compressive strength and plastic deformation
characteristics of this material in a relatively short period of time,
we used an Instron machine with a constant head speed. The ends of the

specimen were ground flat and parallel and were supported by thoria

1lo, s, Morgan and L. L. ¥all, "The Creep of ThO, and ThO,-CaO
Solid Solutions,” Proc. Brit. Ceram. Soc. 6, 233-238 (1966).

121, E. Poteat and C. S. Yust, "Creep of Polycrystalline Thorium
Dioxide," J. Am. Ceram. Soc. 49(8), 410414 (1966).
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disks with tungsten shims to protect the ends and keep the specimen and
disks from sintering together. This assembly was placed in the center
of a tube furnace, and the load was applied through alumina rods and
graphite supporting members. Figure 7.7 shows the effect of temperature
on the mechanical strength and plastic deformation of the sol-gel-
derived pellet. Of particular importance is the high degree of plastic
deformation sustained at the relatively low temperature of 650°C.
Figure 7.8& compares pellets from both oxalate-precipitated powder and
sol-gel powder; the effect of pellet density is clearly shown by the
variation in plastic deformation and strength. We believe that the
difference in the shape of the curves for sol-gel pellets at 9.1 g/cm3
and the sintered oxalate powders at 8.87 g/cm’ may result from the
porosity distribution established by the fabrication procedure. The

low-density oxalate powders were formed by uniaxial pressing, whereas
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the sol-gel product had been isostatically pressed. Poteat and Yustl?

in the previous study of high-density thoria pellets prepared from oxalate
powder showed that with significant strain the density of the pellets
decreased. We suspected that the increased porosity in the lower density
pellets might lead first to an increase in density followed by a decrease
with increasing strain. And indeed, as we see in Fig. 7.9, in the one
test conducted to date this was observed; although this pellet did not
fail in test, the final point, with the density below that of the
original pellet, was obtained when the pellet showed a significant number
of microscopic cracks aligned vertically.

We have conducted only one typical creep test on sol-gel ThO, in
which creep was measured under constant load. The results of this test
on the 9.1-g/cm’-dense pellet are compared in Fig. 7.10 with a high-
density thoria pellet fabricated from oxalate-derived powders. Although
the load in these tests was significantly different, our preliminary
conclusiong indicate that the effect is principally one of density

difference rather than a material difference from processing. This is
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borne out by the difference in the initial strain rate of the two samples,
with the low-density material showing a high strain rate during what we
had previously shown to be a densification period, while the final
creep rates are quite similar. The test of the low-density pellet was
terminated before failure.

Additional work on the investigation of the mechanical properties

of sol-gel-derived materials, both U0, and (U,Pu)0,, is planned.



137

8. TIRRADTATION OF BULK OXIDE FUELS
A. R. Olsen

As part of the evaluation of processes under development for
preparing nuclear fuels and fabricating fuel elements, a program for
testing the irradiation performance is essential. The irradiation
test program in the Thorium Fuel Cycle Development includes the testing
of coated particle fuels reported in Chapter 5 of this report and the
continuation of irradiation tests!s® on bulk thoria-base fuel rods fabri-
cated by loading tubes with pellets, by Vi-Pac with angular particles,
or by Sphere-Pac with sol-gel microspheres. Additional work on non-
thorium fuels fabricated by similar processes is reported elsewhere.>?*

During the past two years the irradiation testing of bulk thoria-
base fuels has been restricted by reduced funding and the increased
emphasis on coated particle fuels. Consequently, some of the tests
have been terminated before they achieved their design burnup levels,
and others have had the irradiation stopped at least temporarily. Since
July 1968 no bulk thoria fuels have been under irradiation. Table 8.1
ligts the tests under irradiation or being examined at the time of the
last status report2 and the current status of these tests. Table 8.2

lists the individual test rod status as of December 31, 1968.

1o, R. Olsen, J. W. Ullmann, and E. J. Manthos, Status and Progress
Report for Thorium Fuel Cycle Development Dec. 31, 1965, ORNL-4001,
p. 102—112.

2A. R. Olsen and R. B. Fitts, Status and Progress Report for Thorium
Fuel Cycle Development Dec. 31, 1966, ORNL-4275, pp. 121-134.

A. R. Olsen, Fuels and Materials Development Program Quart. Progr.
Rept. June 30, 1968, ORNL-4330, pp. 17-<5.

“A. R. Olsen, Fuels and Materials Development Program Quart. Progr.
Rept. Sept. 30, 1968, ORNL-4350, pp. 21-32.




Table 8.1.

Thoria-Base Fuel Rods Currently Being Irradiated or Examined™

Number Density ) Fue! Rod Linear Heat Peak Burnup
Designation of Rods Type of Oxide (% of Dimensions (cm) Rating (Mwd/MT Objective Status
Theoretical) Length OD  Wall (wfcm) metal)
MTR-11 2 Sol-Gel S 88 to 89 57 0.8 0.06 600 100,000 Obtain higher heat Being examined
ThO, —4.5% UO, rating by increasing
Vi-Pac enrichment
MTR-I 6 Sol-Gel 35 86 to 89 30 1.1 0.06 820 100,000 Compare oxide calcining Being examined
ThO; -4.5% UO, atmospheres and higher
Vi-Pac heat ratings obtained by
increasing diameter
ETR-II 6 BNL Sol-Gel 90 48 1.3 0.09 630 30,000 to  Study effects of remote 2 being examined.
ThO,-4% 233U0, 100,000 fabrication and oxide 4 stored in ETR
Vi-Pac recalcining canal since
June 20, 1968
ETR-III 7 Sol-Gel ThO, 88 48 1.3 0.09 770 10,000 to  Study ThO, blanket material 3 rods processed
Vi-Pac 70,000 with gradually increasing 2 rods being
heat rating and provide high- examined
protactinium low-fission- 2 rods stored at
product material for chemical ~ORNL
processing
ETR-IV 6 Sol-Gel ThO, —5% Pu0O, 84 24 1.3 0.09 650 to 20,000 to  Study sol-gel ThO,-PuO, 1 rod being
Sphere Pac 1000 100,000 microsphere performance as examined
vibratorily compacted beds 5 rods stored in
at various heat ratings and ETR canal since
burnup levels June 20, 1968
Sphere-Pac 4 Sol-Gel ThO, —5% PuO, 84 19 0.64 0.025 650 to 10,000 Test sol-gel ThO,-PuO, Being examined
Sphere-Pac 1000 microspheres with high
cladding temperatures
Pellet Rods 3 ThO,—4.5% UO, 91 11.4 0.79 0.06 400 150,000 Investigate swelling and Being examined

gas release of ThO,-base
fuels at very high burnup

4ETR-I, ETR-UI, and ETR-IV rods are clad with Zircaloy-2; all other fuel rods are clad with type 304 stainless steel.
DThe linear heat rating listed here is the peak linear heat rating proposed for test operation.

8¢€T



Table 8.2. Operating Conditions and Current Status of Individual
Test Rods in the Bulk Thoria Fuels Irradiation Program

Test Test Date Peak Peak Claddigg Peak Linear Fission
Tdentification Grow Removed Burnup Temperature Heat Rating Gas Release Current Status
P From Reactor (% F1M2) (°c) (kw/£t) (4 85%p)
43-43 Pellet 12-19-66 10.2 100 6.9 7 Examined
4345 12-19-66 12.2 100 8.2 Lost Examined
4346 12-19-66 11.2 100 7.5 20 Examined
4375 MTR-TI 11-7-66 11.4 100 11.7 30 Examined
43-76 12-19~66 12.5 100 12.9 24 Examined
437714 MTR-III 10-1-67 8.1 110 14.1 42 Examined
43-77-9 10-1-67 9.6 110 16.9 26 Examined
43~78-17 6=20-68 108 110 25 To be examined
43=78-5 6-20-68 102 110 25 To be examined
43-79-11 6-20-68 108 110 25 To be examined
4327927 6-20-68 10% 110 25 To be examined
43-83 ETR-II 3-13-66 2.2 200 20.4 Lost Examined
4384 10-1-67 2.9 200 13.6 47 Being examined
43-85 6-20-68 42 200 20 Stored at ETR
43-86 6-20-68 48 200 20 Stored at ETR
43-87 6-20-68 48 200 20 Stored at ETR
43-88 6-20-68 48 200 20 Stored at ETR
43-90 ETR-TII 0.6% 210 10 b Used in 22°Pa process studies
43-91 0.6% 210 10 b Used in “>>Pa process studies
43.92 0.6 210 10 b Used in 23%Pa process studies
43-93 10-1-67 2.8 240 30 35 Being examined
43-9% 10-1-67 3.1 240 30 38 Being examined
4395 6-20-68 4,58 240 302 Stored at ORNL
43-96 6-20-68 4.5% 240 308 Stored at ORNL
43-106 ETR-IV 6-20~68 1.6% 250 202 Stored at ETR
43-107 6-20-68 2.1 272 308 Stored at ETR
43-108 6-20-68 2.02 260 26% Stored at ETR
43-109 6-20-68 2.5% 272 302 To be examined
43-110 6-20-68 2.0% 260 262 Stored at ETR
43111 6-20-68 1.6% 250 20 Stored at ETR
43-99-2 Sphere-Pac 12-13~66 0.5 325 13 13 Examined
43-99-4 12-13-66 0.3 280 11 3 Examined
43-100-2 12-13-66 0.4 305 12 10 Examined
43-100-4 12-13-66 0.3 270 10 2 Examined

Sgstimated from exposure history.

b
Not measured.

oel
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Effect of Intermediate Heat Rating at High Burnup Levels

A. R. Olsen J. Komatsu’ E. L. Long, Jr.

The two fuel rods in the MIR-II group were inserted into the MIR in

0% neutrons cm™® sec”l.

January 1963 in a peak unperturbed flux of 1 X 1
During the two years of exposure the test capsules were periodically
moved to higher flux positions to maintain a linear heat rating of
approximately 600 w/cm (18 kw/ft). Experiment 43-75 was removed from

the reactor on November 7, 1966 and Experiment 43-76 on December 19, 1966.
When these experiments were removed from the X-basgkets, we found that

rod 43-76 had inadvertently been irradiated with the Fiberfrax-filled
fission gas plenum at the bottom. This inverslion probably occurred when
the rod was transferred to a new flow holder after reaching an estimated
burnup level of €0,000 Mid/MT. Both rods contained vibratorily compacted
sol-gel (Th—5.9% U)O, powder. The fuel column length was 54 cm and the
gas plenum length approximately 1 cm. The smear density of the fuel was
88% of theoretical. The stainless steel cladding on both rods was covered
with an oxide film that showed interference colors. After irradiation
both rods, as shown in Fig. 8.1, showed a distinct bulge starting at the
bottom end cap and extending approximately 5 cm up the rod. TIn 43-75,

in which the fuel contacted the bottom end plug, the maximum change in
diameter was 1.22 mm, equivalent to a plastic cladding strain of 15.4%.

In 43-76 the fuel was separated from the bottom end plug by 1 cm of
Fiberfrax, and the maximum change in diameter was only 0.74 mm, equivalent
to a plastic cladding strain of 9.3%. The maximum strain occurred approxi-
mately 1 cm from the bottom of the fuel column in both rods. Outside the
bulge area the diametral change in both rods was essentially uniform and
repregented a plastic strain of 0.9% for 43-75 and 1.0% for 43-76. The
gamma, scans show no significant change in fuel column length or position.
Examination of these rods is essentially complete. The peak burnup was
114,000 Mwd/MT(U + Th) for Experiment 43-75 and 125,000 Mvd/MT(U + Th)

for 43-76. Metallographic sections from similar axial positions for

°Foreign visitor on leave from the Japanese Power Reactor and Nuclear
Fuel Development Corporation, Japan.
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Effects of Extended Burnup

A. R. Olsen J. Komatsu® E. L. Long, Jr.

Previously we reported” that three of the rods in the pellet group
had been removed after exposure to an estimated 150,000 de/MT(Th + 1)
(15% FIMA). Subsequent burnup analysis indicates that these rods had
achieved only about 120,000 Mvd/MT. Since the objective of extending
the exposure was to better define swelling as a function of burnup at
very high burnup, this underexposure is unfortunate. Valuable data were
nevertheless obtained.

The postirradiation gamma scans and typical microstructures for
these test rods (43-43, 43-45, and 43-46) are shown in Figs. 8.3, 8.4,
and 8.5. At the very low fuel temperatures associated with the low
linear heat ratings achieved (approximately 6 to 8 kw/ft), the primary
microstructural change has been extensive sintering. With one exception,
all evidence of the original pellet interfaces has disappeared. The
exception is shown in longitudinal Section A of Fig. 8.3 and the asso-
ciated area of the gamma scan. The abrupt dip in gamma activity delin-
eates the void between the first two pellets at the bottom of this test
rod. The structure of the end pellet was damaged during postirradiation
examination by the puncture made for fission gas sampling; however, there
is evidence of gas bubble migration to the hotter central region in the
gap between the two pellets. There is no evidence of similar incipient
central void formation in any of the other sections. The gross swelling
rates and fission-gas releagse data for these three pellet rods and a
similar rod (43-39) reported previously’ are compared in Table 8.3 with
sol-gel Vi-Pac fuels of similar composition and burnup. The gross
swelling rates as determined by cladding dimensional changes for the

small~-diameter, low-linear-heat-rating rods agree quite well with the

®Foreign visitor on leave from the Japanese Power Reactor and Nuclear
Fuel Development Corporation, Japan.

7A. R. Olsen and R. B. Fitts, Status and Progress Report for Thorium
Fuel Cycle Development Dec. 31, 1966, ORNL-4275, pp. 121-134.













Table 8.3. Swelling Data on ThO,—4.5% U0, Fuels

Fuel o . Fission Fuel Swelling (% Av/% FIMa)
Experiment Smear Density Irr;ggzglon ﬁZZﬁ iiﬁfir Biiiﬁ 988 . Gross at Peak Mini
rperne Forn ( of (days) (kw/ft)g (¢ rom)  Release®  pIOSS A cond Calonlated®
theoretical) (% ®%%r) P hegd cutate
43-39 Pellet 91.0 905 10.6 12.0 23 1.2 1.07
4343 Pellet 91.0 1173 6.9 10.2 7 1.3 0.99
4345 Pellet 91.0 1189 g.2 12.2 Lost 1.1 1.06
4346 Pellet 91.0 1189 7.5 11.2 20 1.2 1.07
4362 Vi-Pac 7.0 1107 9.6 12.5 2.6 < 1.04 1.05
43-65 Vi-Pac g5.5 691 g.8 g.1 17 < 1.8 0.98
43-75 Vi-Pac 87.3 725 11.7 11.4 30 1.4 1.05
4376 Vi-Pac 7.8 746 12.9 12.5 24 1.3 1.05
43-77-9  Vi-Pac 88.4 973 16.9 9.62 26 1.4 1.10
43-77-14  Vi-Pac 87.6 973 4.1 g.1 42 1.8 1.11

#Irradiation time is given in effective full power days of reactor operation.

bThe linear heat ratings are the time-averaged peaks, based on maximum burnup; not necessarily the instantaneous
beaks achieved during the irradiation period.

®mission gas release rates are quoted for the average burnup in the test fuel, not for the peak burnup position.
dBased on initial fuel void volume and changes in cladding dimensions, if any.
€Ryel swelling calculated using volume changes reported by A. R. Olsen et al. in "Properties and Prospects of

Thoria-Based Nuclear Fuels," Proc. Brit. Ceram. Soc. 7, 289-310 (1967) and assuming that all of the fission product
gases are trapped in the lattice with no gas bubbles formed.

L7l
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minimm swelling rate calculated by a technique described elsewhere.®

This calculation technique is based on atomic volumes and lattice accommo-
dation. The measured rates are generally 10% greater and probably result
from some fission-gas bubble formation even at these comparatively low
fuel temperatures. The effects of higher fuel temperatures on gross
swelling rates appear to be evident in the last two tests, which operated
at higher linear heat ratings. These two rods (43-77-9 and 43-77-14)
have not yet been examined metallographically.

It is apparent that development of a model to describe the swelling
of thoria-base fuels will require additional detailed analysis of the
available operational histories on these tests and additional infor-
mation from the other tests in this progranm.

The postirradiation examination of the test rods from Groups ETR-IT
and ETR-III has not progressed to the state where information beyond
that reported in Table 8.2 is available. The results of processing the

first three ETR-III rods have been reported elsewhere.’

Performance of Sphere-Pac Th0,—5% PuO, Fuel Rods

A. R. Olsen R. B. Fitts

To date, only the four rods listed in the Sphere-Pac group have been
examined after irradiation. The capsule design was discussed previously.lC
Both experiments also contained rods of (U,Pu)O, fuel. The experiments
were withdrawn after one cycle of ETR operation because of failures in
the (U,Pu)02 fuels, which had been operated at very high linear heat
ratings (> 50 kw/ft). The data on the (Th,Pu)Oz fuel rods are listed
in Table 8.4. These rods operated at thelr design power levels and per-

formed well. There was no change in fuel length, and gross restructuring

gA. R. Olsen, D. A. Douglas, Y. Hirose, J. L. Scott, and
J. W. Ullmann, '"Properties and Prospects of Thoria-Based Nuclear Fuels,"
Proc. Brit. Ceram. Soc. 7, 289-310 (February 1967).

°J. H. Goode and J. G. Moore, Adsorption of Protactinium on Unfired
Vycor: Final Hot-Cell Experiments, ORNL-3950 (June 1967).

1A, R. Olsen and R. B. Fitts, Status and Progress Report for Thorium
Fuel Cycle Development Dec. 31, 1966, ORNL-4275, pp. 121—134.




Table 8.4. Irradiation of ThOs—5% PuO, Sphere Pack Fuels®

Smeared Fuel Density

Peak Linear Peak Fuel Temperature, °C Fission Gas
gtclfil (g/cm?) (% of Hez?t Rating Burnup ’ - Release
theoretical) kw/ft) (% FIMA) Avg Center line (% Kr)
43-99-2 8.40 83.4 13 0.52 1250 2170 13.2
43-99-4 8.38 83.2 11 0.30 1200 1930 3.3
43-100-2 8.45 83.9 12 0.41 1220 2030 9.9
43-100-4  8.39 83.3 10 0.31 1150 1820 1.6 K

4Tyradiated 18.9 days.
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occurred only at the centers of the rods with the higher linear heat
ratings. TFigure 8.6 shows the typical appearance of the fuel for
Rod 43-99-2. The spheres in the cooler peripheral regions were loose
and lost in polishing. However, radial restructuring to form a dense
annular fuel body with a central void is apparent.

The test of the performance of these fuels to higher burnup levels
and at higher linear heat ratings depends on the continuation of the
ETR-IV group irradiation tests, which are currently stored in the ETR

canal.
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9. ADVANCED STUDIES

Conversion of Oxide-Carbon Gels to Carbides and to Porous Oxides

K. J. Notz

We are concerned with the preparation of more advanced nuclear fuels.
Work thus far has been centered on the laboratory-scale preparation of
carbides, nitrides, carbonitrides, and porous oxides of interest as
nuclear fuels. Sol-gel methods for carrying out these processes are
being investigated. 1In these methods, mixed hydrosols are prepared by
ultrasonically dispersing carbon black in the oxide sol. The mixed sol
is then converted to gel shards or gel microspheres by suitable means.
The oxide-carbon gel is heated in a vacuum or in an inert atmosphere,
such as argon, to convert to the carbide or is heated in nitrogen under
the appropriate conditions, to form either carbonitrides or nitrides.
Temperatures of 1700 to 2100°C are required to obtain dense products.
Metal oxide-carbon gels also appear to provide a general route to the
preparation of porous oxides. After the oxide matrix is set by heating
the gel to 1200 to 1400°C, the carbon is removed by reaction with air
at 800°C, COp at 1000°C, or HpO at 1000°C. The volume of porosity intro-
duced is approximately the volume of carbon originally present in the
oxide.

Aside from the inherent simplicity of operations and the remote
fabrication advantages of sol-gel methods, we believe that the conversion
of oxide-carbon gels to carbides, carbonitrides, nitrides, or porous
oxides will have advantages that conventional methods employing blending
of oxide powders and carbon blacks do not have. The main advantage
involves the extremely intimate mixing and association of the oxides
and carbon crystallites on the angstrom scale in the sols and gels.
Conceivably, this intimate mixing and association could lead to better
control of conversion conditions and to better distribution of porosity

in porous oxides.
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Results thus farl-’ have demonstrated the feasibility of this
approach for the preparation of ThC,, UC, (Th,U)Cg, and U(C,N). These
products were made by starting with oxide sols that were prepared by
standard methods used at ORNL.%»® The preparation and characterization
of the oxide-carbon sols and the conversion of ThO;-C gels to ThCs or
porous ThO; have been studied extensively. Laboratory-scale demon-
straticns have shown the technical feasibility of the preparation of
Tho,78Up.22C2, UC, and UC-UN microspheres and of porous Thg,»glUp, 2202
and UOp. We believe that similar sol-gel processes will be applicable
to the preparation of pure nitrides, PuC, UC-PuC, and solid solutions

of uranium and plutonium carbonitrides.

Preparation and Properties of Oxide-Carbon Sols

The preparation of oxide-carbon sols is being studied since fluid,
stable hydrosols containing the required amounts of carbon are essential
to the process. In addition, an understanding of the interactions between
the oxides and carbon in our presently used oxide-carbon sols will be
useful in the preparation of other sols such as Pu0p-C, UOz-Pu0,~C, and
U02-2r02~C, which will be of future interest.

!Chem. Technol. Div. Ann. Progr. Rept. May 31, 1967, ORNL-4145,
pp. 159-162.

“Chem. Technol. Div. Amm. Progr. Rept. May 31, 1966, ORNL-3945,
pp. 157-160.

°J. L. Kelly, A. T. Kleinsteuber, S. D. Clinton, and O. C. Dean,
"Sol=-Gel Process for Preparing Spheroidal Particles of the Dicarbides of
Thorium and Thorium-Uranium Mixtures,” Ind. Eng. Chem. Process Design
Develop. 4, 212-216 (1965).

“J. P. McBride (Compiler), Laboratory Studies of Sol-Gel Processes
at Ozk Ridge National Laboratory, ORNL-TM-1980 (September 1967); paper
presented at the symposium on Sol-Gel Processes for the Production of
Ceramic Nuclear Tuels, Turin, Ttaly, Oct. 2-3, 1967.

5T. A. Gens, D. M. Helton, and 8. D. Clinton, Laboratory Preparation
of Uranium Nitride Microspheres by a Sol-Gel Technique, ORNL-3879
(November 1965).

°P. A. Haas et al., Engineering Development of Scl-Gel Processes at
the Oak Ridge National Laboratory, ORNL-IM-1978 (January 1968); paper
presented at the symposium on Sol-Gel Processes for the Production of
Ceramic Nuclear Fuels, Turin, Italy, Cct. 23, 1967.
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We are continuing fundamental studies of the interaction of oxides
with carbon. Results to date have shown that the oxide crystallites in
our ThOz, U0z, or ThO,-U05 sols disperse carbon aggregates by a strong
interaction with them. In this interaction, the oxide crystallites are
sorbed on the surface of the carbon aggregates, and the oxide apparently
acts as a protective colloid. The extent of sorption of the oxide depends
primarily on the relative surface areas of the oxides and the carbon. As
yet, we have not determined the roles of surface charge and the nature
of the surface groups of the oxides in the sorption process. We know
that many colloidal oxides do not show this type of interaction, and we
have found other oxide scls that do.

Viscosity measurements’ continue to be a very useful tool for deter-
mining whether or not a specific interaction occurs between carbon black
and an oxide sol. Figure 9.1 shows three types of interactions with 2 M
oxide sols. (1) With UO, the same stabilized protective colloid inter-
action described above occurs, where the colloidal oxide consists of

small (< 100 A), positively charged particles.’

This type of interaction
also occurs with ThO,, ThO,-U0;, small-particle, high-nitrate ZrO,, and
probably Pul; sols. (2) With a large~particle, low-nitrate form of Zr0O;
the interaction is nonprotective and does not have long-term stability,
but fairly large amounts of carbon can be added and thixotropy is rather
slow to set in. Other large-particle positively charged sols such as
Baymal® and Eu(OH); behave similarly. (3) With Si0, (Iudox’) the mixture
is unstable and highly thixotropic, with a small-particle, negatively
charged sol. In at least one instance, with a TiO, sol of the above
properties, we have been able to cbtain a stable, codisperse sol with
carbon black by using a proprietary compound (Marasperse CB,10 a sulfo-
nated lignon) to disperse and stabilize the carbon in a negatively charged

state.

K. J. Notz, Status and Progress Report for Thorium Fuel Cycle
Development Dec. 31, 1966, ORNL-4275, pp. 152—154.

8Trade name for Al1OOH. Product of E. I. duPont de Memours and Co.
°Product of E. I. duPont de Nemours and Co.

10product of American Can Co.
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Fig. 9.1. Viscosity of 2 M Oxide Sols with Added Carbon Black
(Spheron-9).

Stable, fluid sols containing sufficient carbon to produce mono-
or dicarbides or to produce porous oxides could be prepared from U0z,
ThQs, Th0;-U04, Pul,, and ZrO; sols made at ORNL. The amounts of dis-
persed carbon required to produce mono- and dicarbides from these oxides
are approximately 3 and 4 moles per mole of oxide, respectively. The
amount of carbon required to produce oxides with porosity over the range

of 10 to 60% is 0.5 to 6 moles per mole of oxide.

Conversion of Oxide-Carbon Gels to Carbides and Carbonitrides

Studies of process variables that affect the conversion of ThOz-C
gel to ThC, were extended. The technical feasibility of converting
U02-C gels to UC and Th0;-U03-C gels to Thp 7gUo 22C2 was demonstrated.
Initial work on conversion of UO2-C gels to U(C,N)'was promising.

The most important variables in the sol-gel method for preparing

ThC, are the firing conditions during conversion and the carbon content
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in the ThO;-C gel. To obtain densitles greater than 907 of theoretical,
the conversion must be effected under a controlled CO overpressure at
temperatures such that a critical balance among the rates of chemical
conversion, grain growth, and sintering is maintained. If porous car-
bides are the desired product, the reactions can be carried out under
vacuum at lower temperatures. Products having densities of 91 to 93%
were obtained when the reaction was carried out at a controlled rate
under argon until nearly complete and then completed under vacuum. The
argon sweep gas after passage over the sample contained about 4000 ppm
of CO, which was maintained by diffusion out of the sample crucible. An
infrared in-line CO analyzer (Beckman model 315) monitored the progress
of the reactions. This conversion technique also produced 90- to 93%-dense
Tho_ 78Uo, 22C2z and UC microspheres.

Control of the mole ratio of carbon to metal oxide in the gel
starting material is important for efficient conversion to the carbide
and preparation of a high-density product. When the initial carbon-to-
ThO, mole ratio was too low, objectionable amounts of monocarbide were
formed; when it was too high, a highly porous product containing excessive
free carbon was obtained. TFor example, excess carbon contents of 0.5 to
2.5% in ThC, resulted in highly porous products. A carbon-to-oxide mole
ratio of 3.9 appears optimum for preparing dense ThCz. In practice, the
carbon-to-oxide ratio must be adjusted empirically, because additional
carbon is acquired by the sorption of organic materials during sphere
forming and carbon is lost by reaction with nitric acid (present in the
oxide sol) during firing of the gel. We tried to remove the additional
carbon imbibed during sphere formation by oxidizing it with air on a
thermogravimetric balance, where the rate of reaction could be carefully
monitored; however, the degree of oxidation was difficult to control.

The conversion of ThO;-U0;-C gel spheres to Thg ;3Ug.22C2 gave a
dense product when the carbon content was not too high (Table 9.1). The
products were solid solutions having the monoclinic ThCz structure with
parameters slightly contracted by the uranium content. A reaction tem-
perature of 1900°C was sufficient for complete reaction, although approxi-

mately 2000°C is necessary for ThC,. The presence of the uranium permitted
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Table 9.1. Preparation of Thg,7gUg,22Cs Microspheres
by Sol-Gel Process@

Value for Various Carbon-to-Metal

Property of Products Mole Ratios of Reactants

4.00 4,06 4.15

Composition, %

Thorium 70.3 69.7 69.4

Uranium 20.4 20.2 20.0

Carbon 8.87 9.02 9.37

Oxygen 0.081 0.127 0.173

Free carbon 0.097 0.264 0.146

Material balance 99.65 99.05 98.94
Mercury density, g/cm3

1 atm 9.45 g.92 7.75

10,000 psi 9.56 9.09 8.65

#Conversions in argon at 1900°C.

conversion at a lower temperature and also seemed to promote a desirable
sintering pattern. Densities were 76 to 94% of the calculated value
(10.05 g/cm3, based on the weighted average of ThCz and UCg), depending
on the original carbon content. Even at higher porosities, the spheres
had a uniform cross section, and the pores were about 1 p in diameter.

Equally good results to those obtained in preparing (Th,U)Cg were
obtained in converting U0O,-C gel spheres to UC (Table 9.2). Three of
the products were denser than 90% of theoretical, including two prepared
under vacuum. Dense UC is thus easier to prepare by this general method
than dense ThCz. All of the products contained some UC, resulting, at
least in part, from precipitation during cooling. The lattice parameters,
determined by x-ray diffraction of the best crystallized sample (IV-llQ),
was 4.960 A, in agreement with the literature value of 4.9605 A.

Several tests for the preparation of UN and U(C,N) by firing of

U0,-C gels in nitrogen have been conducted. The basic approach is
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Table 9.2. Preparation of Uranium Monocarbide Microspheres
by the Sol-Gel Process

Conditions and Values for Various Experiments

Properties IV-110  IV-112 IV-114 IVv-116 Iv-118

C/U02 ratio 2.9 2.94 2.9 2.85 3.00
Atmosphere vacuum argon vacuum vacuum @ vacuum
Time, hr 2.5 4 1 4.3 5
Max temp, °C 1810 2180 1730 1600  2100°
Final vacuunm, torr 0.006 0.008 0.012 0.005 0.005
weight loss, 4 @ 18.4
Mercury density, g/cm3

1 atm 10.19 12.34 12.86 12.67

10,000 psi 10.39 12.47 12.94  12.69
Metallographic porous dense porous dense dense

appearance
Free carbon, ppm 280 290
Oxygen, ppm 130 20

&Theoretical weight loss for the reaction, U0z + 3C — UC + 2C0, is
18.3%.

bConversion occurred with maximum temperature of 1650°C; the sample
was then allowed to heat to 2100°C.

similar to that of Gens.!! Dense product was obtained, but the phases
present have not yet been fully characterized.

By rapid heating of sol-gel UO2-C mixtures containing excess carbon
in a nitrogen atmosphere, rapid conversion to U(C,N) can be obtained.l?

The product can subsequently be densified by compaction-sintering. This

117, A. Gens, D. M. Helton, and S. D. Clinton, Laboratory Preparation
of Uranium Nitride Microspheres by a Sol-Gel Technique, ORNL-3879
(November 1965).

12J. M. Leitnaker, R. L. Beatty, K. Notz, K. E. Spear, and
T. B. Lindemer, Fuels and Materials Development Program Quart. Progr.
Rept. June 30, 1968, ORNL-4330, pp. 25-31.
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technique is applicable to other actinides, including Th, Pu, and mixed

U-Pu. A patent application on this process has been filed. 1’

Conversion of Oxide Gels to Porous Oxides

We have shown previously“'17 that ThO; microspheres or shards of
controlled porosity can be prepared from ThO,;-C gels by removing the
carbon by oxidation with air after the oxide structure has been preset
by firing to 1400°C in argon. The amount of porosity can be controlled
by varying the amount of carbon added (i.e., the volume of porosity intro-
duced is nearly equal to the volume of carbon added). Now the technical
feasibllity of preparing porous Th0,-UOz and UO; by this approach has
been demonstrated. For the ThO;-UO, preparations, Th0,-U0;-C gels were
employed, and air oxidation was used to volatilize the carbon. However,
in the porous U0z preparations, CO; or HpO was necessary for removing
the carbon because air caused oxidation to Us0g.

In the preparation of 60%-porous Th0,—22% UO,, we obtained higher
porosities with ThO0,;-U0O;-C gel shards than would have been expected by
analogy with ThO2-C gel shards of the same oxygen-to-carbon atom ratio.
The amount of carbon that produced 477 porosity in ThOs produced 59%
porosity in ThO,-UOz. Also, the pores in the ThO,-UO; were 400 to 800 A
in diameter whereas those in the ThO; were about 400 A. The final pro-
duct was a solid solution of Thg, K 7gUg.2202.

Trying to prepare porous U0, without excessive air oxidation of the

UOs, we tested two methods for removing carbon from the prefired U0,-C,

°R. L. Beatty, J. M. Leitnaker, and XK. J. Notz, Method for Prepa-
ration of Carbonitride Nuclear Fuel Materials, patent applied for.

1%Chem. Technol. Div. Ann. Progr. Rept. May 31, 1967, ORNL-4145,
pp. 159-162.

1°Chem. Technol. Div. Ann. Progr. Rept. May 31, 1966, ORNL-3945,
pp. 157-160.

197, P. McBride (Compiler), Laboratory Studies of Sol-Gel Processes
at Oak Ridge National Laboratory, ORNL-TM-1980 (September 1967); paper
presented at the symposium on Sol-Gel Processes for the Production of
Ceramic Nuclear Fuels, Turin, Italy, Oct. 2-3, 1967.

7k, J. Notz, Preparation of Porous Thoria by Incorporation of
Carbon in Sols, ORNL-TM-1780 (December 1968).




the water-gas reaction (HgO + C = CO + Hg) and the reaction

COz + C = 2 CO. Both require a temperature of about 1000°C to remove

the carbon at a practical rate. We demonstrated the technical feasibility
of preparing porous U0, by this approach by removing carbon from a sample
of gel shards containing 6 moles of carbon per mole of urania. Heating

in COy, for 2 hr at 900°C and then 2 hr at 1000°C removed 95% of the
original carbon. The final porosity of 48% was about 25% less than

obtained with ThO, at the same carbon content.

Kinetics of the Graphite-UO, Reactionl®

T. RB. Lindemer M. D. Allen J. M. Leltnaker

The reaction of microspheres of UOp; with graphite was studied from
1400 to 1756°C. When a spherically symmetrical layer of carbide was
produced around the UQp core, only UCp, was formed and the diffusion of
oxygen through this layer was rate-controlling. The Arrhenius relation

for this system is
ky = 21.0 exp (—90,000/RT) cm?/sec .

The reaction of a geometrically nonsymmetrical configuration of UO2
and UCy; was also studied. The kinetic behavior was quite different in
the symmetrical and nonsymmetrical systems and the conversion in the
nonsymmetrical system was 2 to 5 times faster. The importance of these
observations to kinetic results reported in the literature for analogous

systems is discussed.

Drying and Sintering Studies on Urania Gel Microspheres

W. D. Bond

We are continuing studies of the optimum firing conditions for pro-

ducing UO, microspheres of low carbon content (< 50 ppm) and high density

1¥summarized from paper accepted for publication in the Journal of
the American Ceramic Society.
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(> 959 of theoretical). To obtain the desired product properties, the
sorbed organic compounds must be removed before sintering and densifi-
cation of the gel.!®»1? The sorbed organic compounds come from the
drying solvent that is used in the sphere forming process. Products
having the desired properties can be obtained by firing the gels to
1000°C in steam and reducing the UOsyx in Ar—4% Hz. A small volume of
argon or Ar—4% Hy is used with the steam to prevent back diffusion of
oxygen when the steam flow is stopped.

Sorbed organics are more difficult to remove from UO; microspheres
before densification than from other types of sol-gel spheres, such as
ThOz, PuOp, Pu0,-U0z, and UOp-ThOz. This is because pure U0, begins to
sinter fairly rapidly at only 400 to 500°C and the removal of the sorbed
organics is slow at such low temperatures.

In our previous studies,16’19 firing in other atmospheres — such as
€0z, air and argon, and Ar—37 H,0 — did not reproducibly yield UO, pro-
ducts with the desired properties. Also, adjustment of the oxidizing
potential of COz by the introduction of controlled amounts of CO did
not produce reproducible results. TFiring in air to 200°C to remove the
sorbed organics was very effective for removing carbon; however, it was
difficult to prevent overoxidation of the UOz. Because the reaction of
the sorbed organics with air was very rapid and produced excessive
temperature rises, the temperature of oxidation could not be controlled.
A mixture of 37 H,0 in argon was not sufficient to remove the organics
before the start of sintering.

The removal of sorbed organics with steam before sintering is slow,
and moderately long heating cycles are required to effectively carry out
the firings. Different rates of removal are observed for the different

gel preparations. This may be due to small differences in the crystallite

°W. D. Bond, Status and Progress Report for Thorium Fuel Cycle
Development Dec. 31, 1966, ORNL-4275, pp. 157-177.
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size, nitric acid content, viscosity, and oxygen-to-uranium atom ratioc
of the sol or to differences in the sphere forming process. We find
that an in-line hydrocarbon analyzer (for carbon-hydrogen bonds) for
the effluent gas is helpful in conducting the firings so that desired
product properties are achieved. A typlcal curve of hydrocarbon removal
as a function of time and temperature is shown in Fig. 9.2. Rise rates
and soaking times in the steam atmosphere were selected so that the
hydrocarbons are removed at a temperature as low as practical. The peaks
of maximum evolution of hydrocarbons correspond to those previously
observed for maximum weight loss in thermogravimetric studies.® On
heating the gel in argon, the sorbed 2EH was evolved; the evolution
increased with increasing temperature (Fig. 9.2). When steam was intro-
duced, the rate of removal increased dramatically and reached a maximum
during the 175°C hold period. The evolution continued in steadily
decreasing amounts to about 350°C and then began to increase. Another
maximum was reached at about 400°C. Two smaller gas evolution peaks
occurred between 450 and 500°C. The evolution then steadily decreased
from 500 to about 600°C; at 600°C, it was complete. The largest peak
occurred at 150 to 200°C, as expected sgince the boiling point of 2EH is
183 to 185°C. However, significant amounts of alcohol remained after
steam treatment to 200°C, indicating that the alcohol is strongly sorbed.
Heating the gel too rapidly to permit removal of the sorbed alcohol
(Fig. 9.3) (temperature rise rates of 300°C/hr) resulted in hydrocarbon
evolution up to 950°C and also during cooldown of the sample in argon.

Firing in steam to 1000°C consistently produced good results when
organic materials were removed before sintering (Table 9.3). Products
had a uniform black color, a density that was 95 to 99% of theoretical,
a carbon content less than 50 ppm, and an oxygen-to-uranium atom ratio
less than 2.005. X-ray diffraction measurements showed that crystallite
sizes were 500 to 800 A; 400-u-diam spheres resisted crushing loads of
1500 to 2000 g.

The soaking conditions used for most of the firings are given in
Fig. 92.4. The flow rates used were: steam, 5 to 10 scfh; Ar—4% Hs or

argon, 0.5 scfh. The hydrocarbon analyzer monitored most of the firings.
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950°C; cool in argon.

Fast schedule.

Table 9.3. Properties of U0z Gel Microspheres
Fired in a Steam Atmosphere at 1000°C

Sol

Density by Mercury

Preparation Prepzi;tion Amoun%ggired Intrusion at 210 Ssi C?rbgg

Method (7 theoretical)? pp
Precipitation P-11-2-1504 130 97.5 < 20
P-6-16-1545 65 96.7 10

P-9-11-1545 82 97.2 < 20

Amine Extraction P-7-27-1408 40 99.3 30
P-9-8-1049 55 97.3 < 20

P-7-31-1040 65 100.1 30

P-219-1310 30 97.7 20

P-2-20~1107 15 95.6 30

P-2-12~1248 45 97.9 < 20

Scalculated by using 10.97 g/cm3 as the density of

Uo;.
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Shorter soaking times could be used with some but not all of the prepa-
rations shown in Table 9.3.

1000°C at the rate of 300°C/nr after the usual soaking to 200°C.

A few of the preparations were heated to
The
desired product properties were obtained; however, the faster rise
generally resulted in a low-density product. A few of the gel prepa-
rations could be fired to high density at 850°C, but most required
firing at 1000°C.

Except for cracking of the spheres, no apparent differences were
observed in the firing characteristics of U0, gel spheres that were
formed from sol prepared by amine extraction and those formed from sol
prepared by precipitation. A few of the products from sols that had
been prepared by amine extraction cracked badly when fired at temperature
rise rates as low as 25°C/hr; however, most of these gel products could
be dried and fired without cracking. We believe that the cracking was

the result of insufficient crystallite growth in the sol preparations.
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