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1. PROCESS DEMONSTRATION

1.1 Introduction

A successful demonstration of the Thorium Fuel Cycle process during the past
year consisted of an intermediate-scale demonstration of the remote fabrication of
Th02-233U02 fuel elements by the ORNL sol-gel vibratory-compaction procedure.
This demonstration, dubbed the Kilorod Program, is being conducted during the ful-
fillment of the request to ORNL to prepare 1000 fuel rods containing 3 wt % 233U02—
97 wt % ThO2 for zero-power criticality experiments at Brookhaven National Labora-

tory. The design capacity of the Kilorod Facility is 10 kg of calcined oxide per day.

The program is about 75% complete: 720 specification-grade fuel elements
have been made, and this section of the report presents the significant results ob-

tained during the demonstration.

233

The procedure consists in (1) solvent extraction purification of the U to
remove 232U daughters; (2) production of easily dispersible thoria by hydrothermal
denitration of thorium nitrate; (3) preparation of the mixed thoria~urania oxides by
the sol-gel process; (4) sizing the mixed oxides and loading the sized oxide into
tubes by vibratory compaction; (5) remotely welding the end closure of the tube,
cleaning the finished rods, and inspecting and testing them for homogeneity and

integrity.

1.2 Solvent Extraction

233

The U for the Kilorod Program was produced under reactor conditions such
that its 232U content is 38 ppm. It is this impurity, with its resultant decay products
and associated gamma activity, which necessitates the purification by solvent ex-
traction. The efficiency of the purification influences the cost of subsequent re-

fabrication of the 233U.



The uranium to be purified consists of chunks of metal and of uranyl nitrate

solutions of varying concentrations. Dissolution of the metal is accomplished with

boiling 1.4 M Th(NO3)4—-4 M HNO3 solution (Fig. 1), Four kilograms of 233U
metal is charged to the batch dissolver vessel during one dissolution cycle, Criti-
cality control in the dissolver is assured by the presence of thorium, which will
give a 233U/Th ratio of 0.025, and by maintaining the volume in the dissolver
vessel such that the eversafe concentration of 233U in light water may never be
exceeded. The solution from the dissolver is adjusted to meet feed conditions by
dilution with water. The procedure employed when uranyl nitrate solution is used

as feed consists in blending this solution in small increments with a thorium nitrate

solution whose concentration is 400 g/liter.

The solvent extraction equipment selected for the uranium purification program
(Fig. 2) uses two pulsed columns in series. Feed from the feed-adjustment tank is
pumped info the middle of the extraction column, which is a 38-ft by 5-in.-diam
pulsed column. The extractant is a 2.5 vol % solution of di-sec-butyl phenyl-
phosphonate (DSBPP) in diethylbenzene. The pregnant organic extractant is scrubbed
in the upper section of the column with an 0.8 M solution of aluminum nitrate, which
is 0.4 N acid deficient in order to remove thorium and ionic contamination. The
scrubbed organic is then routed to the second pulsed column, which is a strip column
wherein the uranium is removed from the organic phase with demineralized water,
The uranium product solution, containing 10 g of 233U per liter, is then transferred
through a static diluent wash column for the removal of trace quantities of organic
extractant prior to boildown of the solution. Final concentration to 100 g/liter is
accomplished in a critically safe evaporator. The product is withdrawn from the
evaporator-product storage tank as required for fabrication of elements, Spent sol-
vent leaving the process is collected batchwise, treated with 0.2 M N°2C03' and

reused,

The majority of the vessels used for chemical processing are not of critically
safe configuration; consequently, several important operational and equipment modi-

fications have been made. The total mass of uranium within the facility does not
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This feed solution mixture of 233U and thorium nitrates is then purified by solvent

extraction (see Fig. 2).
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exceed 8 £ 0.5 kg. Solution concentrations are maintained below the recommended
safe maximum value of 10 g of 233U per liter by flowrate adjustments for aqueous
streams and by chemical saturation of organic streams. The only stream that exceeds
this value is the product stream (100 g/liter), which is obtained by boildown in a
critically safe evaporator consisting of a 5-in.-diam pipe surrounded by a 6-in.-diam

steam jacket,

In addition to mass and concentration control, the feed extraction column and
. . - . . 233 .
raffinate catch tanks contain sufficient thorium to yield a = U/Th ratio of 0.025,
which provides adequate poisoning to prevent criticality. The thorium also serves as

a salting agent for the extraction process.

As an additional safety measure, Pyrex-glass rings containing 4% boron have
been placed in strategic process vessels. Potential nuclear hazards exist in the ex-
panded 8- to 16-in. sections of the disengaging sections of the pulsed columns, and
in large~diameter vessels. These sections and vessels were packed with boron-
containing rings, and an x-ray procedure was developed to ascertain periodically
their location and condition.

To date, about 43 kg of 233U has been purified. Thirty kilograms was for the

Kilorod Project, and 13 for other AEC-sponsored projects. A summary of the product
quality obtained by this method of purification is presented in Table 1, together
with the feed specifications imposed by the Kilorod Program. The product met
specifications in all instances. Of particular significance are the results on the
measurable ionic impurities in the uranium product; there has been a steady de-
crease in the total impurities. In each instance, the major impurities have been
sodium, calcium, magnesium, and lithium. Analyses of the demineralized water
used as strip solution indicates that more than 90% of these impurities originates in

the water.

The gross—gamma decontamination factor presented in Table 1 is that ob-
tained from the gamma activity of the concentrated product. Figure 3 shows, for

five runs, the change in gamma activity (expressed as counts per min per mg of



Table 1. Kilorod Program: Summary of Solvent Extraction Results

Measurable
lonic Impurities

233

233U Decontamination NO_/U (ppm in terms of u)

Run Recovered Factor 3 Na, Ca,

No. (@) Gross y Thorium Ratio Al Mg, Li Total
HJ-1 4622 230 3 x 103 2.42 2490 2201.86 4744
HJ-2 4527 380 5x 103 2.25 52 <360.22 193
HJ-3 3784 416 3 x 103 2.16 37 220.10 271
HJ-4 5034 194 3 x 103 2.14 12 227.68 269
DC-1 4358 185 2 x 103 2.12 28 296.46 310
DC-2 7793 310 5.5 x IO3 2.12 23 165.05 207
DC-3 7918 258 5.5 x 103 2.12 16 75.59 113
DC-4 5030 300 3.1x10 2.20 26 112.88 172

3

SPEC. 4-8 kg >100 31 x 10 2.50 <30 - -
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U) with time after purification. The initial drop in activity is due to the decay
of the short-lived daughters, which were not completely removed. After this initial
decay, the activity increases as the long-lived daughters grow in. Also presented
for comparison is a curve derived from data obtained by R. H. Rainey, ORNL, in
laboratory studies of solvent extraction. Rainey's data indicate more complete re-
moval of the short-lived daughters than was achieved in the Kilorod work. However,

after a few days, the gamma activities are comparable.

. . e 233
In summary, the solvent extraction process being used to purify U has been
very successful, producing material that meets all specifications imposed by the sol-

gel process, discussed next.

1.3 The Sol-Gel Process

1.3.1 Process and Facility

Four operations make up the sol-gel process. These are: denitration, blending,
drying (gelation), and calcination-reduction (Fig. 4). In the Kilorod Program, each
of these steps is performed as a batch operation. The blending, drying, and calcina-
tion are highly radioactive (alpha) operations, so the equipment used in these steps
is housed in a sealed carbon-steel cubicle about 9 ft long, 7 ft wide, and 7 ft high,
having eight windows, ten glove ports, and three transfer ports. This cubicle is lo-
cated on the third floor of the facility (Fig. 5). Biological shielding is provided on
the sides by 8 in. of barytes concrete or 4-1/2 in. of steel, and on the floor by a
4-1/2-in.~thick steel slab, The top and back of the sol-gel cubicle abuts a 4-ft-
thick concrete slab. Means are provided in the cubicle to permit the maintenance

of vulnerable mechanical parts without entering the operating cubicle.

The denitration operation is carried out in a rotary=drum denitrator as an un-
shielded operation, located at another site at the Laboratory. The equipment was
constructed during the pre-Kilorod development effort but was built large in antic-

ipation of requirements of the program,
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The sol-gel equipment operates at the design rate of 10 kg of calcined oxide
per day, as follows: Thirty~kilogram batches of thorium nitrate tetrahydrate crystals
are charged to the rotary drum denitrator and denitrated under a superheated steam
atmosphere (Fig. 6). The 13.5-kg batch of denitrator product (ThOz) is used in the
sol-gel process. To smooth out possible batch-to-batch variations in the denitrated
product, 70 kg of the product is charged to a powder blender. After blending, the
thoria powder is carefully weighed into 10-kg portions for charging to the blending
operation in the sol-gel facility. In the criticality proof (slab geometry) blend tank,
the thoria is blended with a precisely measured quantity of 233U, introduced as a
uranyl nitrate solution (Fig. 7). At the completion of the blending step, the batch
is pumped to a tray dryer (Fig. 8). The sol is dried to a gel in about 30 hr and is
then transferred from the trays to Alundum crucibles. The crucibles are placed in
the calciner, and the temperature raised to 1150°C under an air purge (Fig. 9).

When 1150°C is reached, a 96% Ar--4% H

2 atmosphere is maintained in the furnace
for 4 hr. The calciner is then turned off and allowed to cool to 350°C, An argon
atmosphere is maintained during the cooling portion of the cycle. The product is
removed and placed under argon until cool (less than 100°C). The batch is then

weighed and transferred to the rod fabricators.

1.3.2 Construction and Plant Startup

The denitration reactor was placed in operation in January 1963 without dif-

ficulty.

Construction of the sol=-gel unit of the Kilorod Facility was completed, and
testing of individual equipment pieces started March 1. Equipment shakedown and
cold testing of individual operations was completed May 3. A sustained five-day
operating demonstration was then conducted. Depleted uranium was used as a
standin for 233U. This demonstration showed that the plant was operable as an
integrated unit, that the design production rate could be maintained, and that the

product quality standards could be met.
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Following cold testing, the plant was cleaned thoroughly, and final equipment

adjustments made. The facility was ready for hot operation on June 5, 1963,

1.3.3 Facility Operation

Denitration. — The denitrator was operated through November 10, 1963, with-
out a significant mechanical failure. On this date, a failure of the steam supply
caused the steam superheater to burn out. More than enough ThO2 had been accum-

ulated to complete the Kilorod Program, so operation was discontinued.

During this operating period, 99 batches of ThO2 were processed. Five batches
were rejected, two as a result of the superheater failure, and the other three as a re-
sult of operator error. The 94 acceptable batches amounted to a total of 1272 kg.

An additional 111 kg was prepared for development use. Test dispersions and analyt-
ical results showed all this material to be satisfactory for feed. Process control was
excellent throughout the period, and no batch rejections were made for lack of
proper process control. Denitrator product was uniform, as shown by the percentage
thorium values in the ThO2 (Table 2). The range in N/Th atom ratio (from 0.02 to

0.06) was also expected from earlier work.

1.3.4 Sol-Gel Operations

Seventy-six sol-gel batches were prepared and calcined. Only one batch
(No. 10) did not meet all specifications. [t was used, however, with BNL permis-
sion; thus, all the sol-gel product was accepted for rod fabrication. The total cal-
cined product transferred to the rod-loading operation was 753.5 kg (Table 3). The
total 233U used in the process was 20.1 kg, while the total thorium (expressed as
metal) used was 650 kg. These quantities of solids were processed in five operating
campaigns. Appendix A is a summary of operating and control data for these cam-
paigns.

The control of the 233U/(

cellent for campaigns 2 through 5. The poor operating control for campaign 1 was

233U + Th) ratio was poor for campaign 1 but ex-

the result of an inadequate storage facility for the uranyl nitrate feed solution; an
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Table 2. Product Quality Control Data for Denitrator Operation

Identification ~ ThO9 Prepared N/Th
of Materials kg) % Th % NO3_ Atom Ratio
1-12° 162.380 86.0 0.90 0.037

Ranges: 85.3-86.4 0.5-1.3 0.02-0.06
BB- ]b 67.985 86.0 0.73 0.030
BB-2 67.270 86.2 0.66 0.030
BB-3 68.450 86.1 0.73 0.030
BB-4 68.110 85.9 0.80 0.034
BB-5 71.085 85.0 0.88 0.037
BB-6 70,197 85.9 0.89 0.037
BB-7 71.895 85.3 0.89 0.037
BB-8 71.415 84.8 0.80 0.034
BB-9 70.343 85.9 1.00 0.045
BB-10 82.350 85.3 0.93 0.041
BB-11 70.003 84.6 0.84 0.037
BB-12 69.850 86.0 1.06 0.045
BB-13 68.340 85.4 0.93 0.041
BB-14 68.530 85.9 0.84 0.037
BB-15 68.800 85.9 0.80 0.034
BB-16 68.400 85.6 0.80 0.034
BB-17 68.250 86.0 0.58 0.026

Averages  85.6 0.83 0.036

“This represents the first 12 denitrator batches, which were analyzed individ-
vally to amass process control data on the denitrator.

bThe BB designation represents a batch obtained by mixing five rotary de-
nitrator batches in the batch blender.
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Table 3. Quantities of 233U and Thorium Charged, and Product
Removed from the Sol-Gel Process

233U Th 233U +Th 3 233 U02 + Th02
Campaign Input Input Input U/ U +Th Output
No. kg) (kg) (kg) X100 (kg)

] 3.196 104,693 107.889 2,969 118.562

2 4.255 137.162 141.417 3.009 160.940

3 3.166 102.468 105.634 2.997 118.448

4 3.450 110.724 114,174 3.022 128.740

5 6.056 195.530 201.586 3.004 226.845
Totals 20.123 650.577 670.700 753.555

Table 4. Gases Released” by Solid Products

Calcined Producfb

Gas Average  Range

Crushed Oxide®

Average  Range

Quantity of gases released, std cc/g 0.022 0.004-0.06

Analysis of gases released, vol %

H2 7.6 0.7-16
CH4 1.5 0.7-2
H2O 7.8 0.4-25
N2 or CO 36.9 7-71
02 12.7  0.3-56
A 0.4 0.2-0.7
C02 41.8 15-73

0.11

21
0.5
2.7
39
0.6
0.1
40

0.05-0.28

4-33
0.3-1
0.1-18
7-59
0.1-3
0.1-0.2
6-83

“Obtained by heating to 1200°C under vacuum.
bResults represent first 28 calciner batches.

“Results represent first 150 rods.
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air purge through the storage vessel steadily concentrated the stored solution. The
vessel was also wide and was packed with borated-glass Raschig rings, which made
agitation and sampling difficult. The problem was solved by installing a geometri-~

cally safe feed tank before the startup of campaign 2,

In examining the run-by-run ratios (Table 3) for the last four campaigns, it
should be noted that the target value was 3.00 = ,05 wt % 233U for each batch, as
well as for the overall campaign ratio. Thus, if a batch was made outside these
[imits early in a campaign, a matching high- (or low=) ratio batch was made later

for pairing with the given batch.

Paired batches were mixed after calcining but before transferring to the rod-
fabrication facility. In this way, the ratio for all material entering that facility was
held to within the desired 3.00 * .05 wt % specification. Only the first batch of any
pair should be considered to have fallen outside the more rigorous limits. Also, it
should be noted that the given campaign ratios are calculated from precisely meas-
ured quantities of materials entering the process, and not from analyses of individual

batches.

The gas released by the calciner product was not expected to exceed 0.05 std
cc/g. Of the first 76 calciner batches, three exceeded this value. These exceptions
were 0.056 std cc/g for batch 62, and 0.057 std cc/g for batches 59 and 71. The

average value for all calcined products was 0.02 std cc/g (Table 4).

The gas-release values for the powder put into the fuel rods were not expected

to exceed 0.3 std cc/g, and, through the first 15 samples, there were no exceptions.

The composition of the gases released was also as expected. Hydrogen, the
gas of greatest interest, was not expected to exceed 50 vol %. The highest value of

the early runs was 33%.

Mechanical reliability of the equipment has been excellent. Plant on-stream
time has exceeded 90%, and operation has been free of minor equipment failures.

The only breakdowns experienced were the failures of two calciner heating elements;
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each failure required cubicle entry. The first heating element burned out after 54
cycles, including "cold" startup operations. The second heating element was ap-
parently improperly made, since it failed by fracture during the fourth heating cycle.
The third heating element was installed and continued to perform satisfactorily after
34 cycles. The average number of service cycles demonstrated by the calciner heat-
ing elements to date is at least 25, compared with an expected 20 indicated by pre-

Kilorod experience.

In the design of the sol-gel unit, a throughput of 10 kg per day was recognized
and accepted as both the normal and the maximum capacity of the plant. This limi-
tation was the result of an unalterable 24-hr cycle for the calciner, imposed by the
necessity for returning the calciner to 350°C before removing the charge. The 10-kg-
per-day design throughput for the unit has been demonstrated repeatedly over periods

of sustained operation, and expectations for capacity have been met.

1.3.5 Radiation-Measurement Program

Radiation exposures of workers have been consistently well below permissible
levels, and the accumulation of radicactivity in the equipment has also been low
(Table 5). Individual hand and forearm exposures average about 100 millirems per
man-week, contrasted to the 1500-millirem permissible value. The highest rate re-
corded in surveying any equipment to date is 50 mr/hr, found inside the calcining
chamber. During one entry for calciner repairs, a complete radiation survey was
made with a cutie pie. The maximum radicactivity level in contact with the outside
of any piece of equipment was 35 mr/hr. This level was found at the bottom of the
tray dumper. Cell entries for furnace repairs resulted in whole-body doses S 15

millirems over two 4~hr periods.

Radiation levels of process materials were monitored, and the highest levels
obtained are shown in Table 6. Detailed data, in addition, have been fitted to the

calculated buildup curve, as shown in Fig. 10.
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Table 5. Worker Radiation Exposures and Accumulated Radioactivity
in Process Equipment

Max. Accumulated

Weekly Exposure@ Present c
Operation (millirems) Background
Blending 7 6"
Dryer 7 7(*)
. (**)
Calciner 15 50
Total exposure to individual < 200b

<:lExposure taken by a finger ring that is used only at the given work station.
This reading taken from finger ring that accumulates dose for all duties.
<:Reodings taken with G-M survey meter (*) and ion chamber (**). About a

third of the program had been completed and all equipment pieces had been given
normal cleaning.

Table 6. Radiation Levels of Process Materials

Max. Readings Taken Days Since

Material (millirems/hr) Extraction
Crucible of dried gel (5 |<g)cl < 200 50
Crucible of fired shards (5 kg)Cl < 200 50
Finished roclsb 77 78
96 98
118 121
146 189
160 226

9G-M survey meter used. Probe held in contact with and across top of
crucible,

G-M survey meter used. Probe held in contact with rod and with axis of
rod and probe parallel.
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1.4 Rod Fabrication (Kilorod)

During the past year, the rod-fabrication part of the Kilorod Facility was
completed and operated extensively. At the last reporfing,] the structural portion
of the Kilorod Facility had been completed, but the fabrication equipment had not
been installed. The primary purpose of the facility has been to demonstrate remote
fabrication technology; thus far, the demonstration has been concerned with
Brookhaven National Laboratory's (BNL) fuel rod (Fig. 11). These fuel rods have
been made by a combination of procedures,including oxide~-powder comminution,
vibratory compaction, end-cap welding, decontamination, and inspection. The
complete process, as presently operated, is shown in the flowsheet in Fig. 12. In
addition to placing the facility and equipment into operation, 720 BNL fuel rods

were fabricated.

The salient areas of development and the status of the rod-fabrication program

in the Kilorod Facility are given in the discussion which follows. More detailed in-

3,4

formation may be obtained in several publications.”™ ™’

1.4.1 Installation of Equipment and Preliminary Evaluation

After installation of the rod-fabrication equipment, cell-containment checks

were made before introducing the stand-in oxides (Th—3 wt %238U)O2 into the
system. The containment was evaluated with all glove, bagout ports, and service
entries in the operating condition. After some minor alterations, an air~inleakage
rate of 0.004 cell volumes per min at 1 in. of water pressure difference was meas-

ured.

Attention was also given to the noise level associated with the pneumatic
vibrator that packs the fuel. Since the noise level in the operating area near the
vibrator was slightly above the permissible value (maximum of 90 db, compared

with a permissible 86), ear protectors were obtained for the operators.
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Instrument and functional checks were made on each piece of equipment be-
fore operation. These checks corrected a number of alignment and minor operational

problems. Operators were trained during the preliminary checkout period.

1.4.2 Operating Experience with Stand-in Oxide

.1 . 233 ,
To further evaluate and test the facility and equipment before U-bearing
oxide was used, operations were carried out with depleted uranium-thorium oxide.
During this period, the final procedures were selected, and final modifications of

the process were made.

In the tests, it soon became evident that the powder-conditioning equipment
was the area of major concern. Despite extensive efforts to contain dust within the
system, oxide dust accumulated on the equipment. The abrasiveness of the oxide
powder caused extensive trouble with the ball mill, particularly with bearings and
other wear surfaces. Eventually the special ball mill, designed for remote opera-
tion, was made to operate, although not in a way that completely satisfied the
program requirements. Other powder-conditioning equipment, after minor adjust-
ments, performed well. During the cold runs, there was no evidence of "blinding"
of classifier screens. Material balances made during the cold runs showed an

average holdup of only 2 kg of oxide in the complete system.

During the operation of the vibrator system, several modifications were made.
The need to observe the feeding of the classified oxide fuel into the rod required the
elimination of the dust boot over the end of the feeder trough. Although removing
the boot increased the dusting, it was felt that adequate feeder control could not
be obtained without observing the feeding. The chuck system for holding the rod
was changed to utilize a slightly modified Swagelok tube coupling. This coupling
uses a standard 1/2-in.-pipe-to=1/2-in.-tube male connector, with a specially
machined split ferrule. The original chuck was replaced because of the expense and
difficulty of replacing it in the event of a failure. During the cold operations,

failure of the Swagelok chuck was usually observed after packing 10 to 12 rods;
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therefore, it was planned to change the Swagelok tube coupling after packing six
rods. Experience in the cold runs indicated also that a number of failures in the
other components of the vibrator chuck assembly should be anticipated because of
the extremely high levels of acceleration associated with the Branford vibrator

(reportedly as high as 20,000 to 100,000 times as large as the acceleration due to
gravity).

In the operation of the vibrator, it was found that the freedom of movement
of the anvil, to which the fuel tube to be filled is attached and upon which the
pneumatic hammer impinges, is a very important factor. The anvil must be allowed
to move about 1/16 in. to obtain the desired compaction. If the anvil is not al-
lowed to reciprocate, a reduction in packed density of 8 to 10% is observed. Some
difficulties were experienced with the Branford vibrators; however, most of these

were operational and were corrected.

After demonstrating the ability of the powder-preparation equipment to pro-
duce powders of three size fractions for loading into the fuel tubes, it was decided
to modify the system to produce powders of two sizes. The decision to operate the
system with two size fractions was based on two factors: (1) The two-particle-size
system is equal to the three in attainable compaction density, and (2) it is much
easier to operate, especially with a remotely controlled system. During the cold
runs, the binary mixture was optimized to consist of a charge of 55% of a classified
-6 +16 mesh fraction, and 45% of an unclassified ball-mill fraction, which is al-
most 50% =50 +140 mesh and 50% ~140 mesh. The ball-mill fraction is produced
by controlling the charging rate of the mill and the amount of milling time. With
this distribution, 20 cold samples were packed, and they had an average bulk
density of 90% of the theoretical, with a deviation from rod to rod of less than 1%.
The density profile, measured with the gamma scanner, was well within the specified
+2%, with the majority of the rods showing a deviation of less than 1.5%. The re~-
sults were most gratifying, because they had not been predicted from laboratory

experience.
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1.4.3 Operation with 233

After advancing the flowsheet and equipment in cold operation to a stage
where the production of fuel rods meeting specifications had been demonstrated,
233U was introduced to the system. Although the facility and equipment had been
exhaustively tested and improved, initial operations were not smooth, and numerous
difficulties were again encountered. However, all these problems were met satis-

factorily,and the facility has now demonstrated sustained production at the design

capacity of 15 rods per day.

A complete analysis of the system has not yet been made, but the experience
accumulated in operating the system clearly validates the design and principles on
which it is based and shows that remote fabrication of (Th-233U)02-becring fuel

rods on a routine basis is technically feasible.

The specifications to which the fuel rods have been made include, in addi-
tion to the dimensional tolerances, a requirement that the fuel rods have a nominal
density of 90% of the theoretical density of the mixed oxides, with the deviation
in average density from rod to rod not to exceed 2% of the theoretical density.
Further, within an individual fuel rod, the density, as determined through a
1/8-in. x 3/8-in. collimator in the gamma scanner, should not vary more than £2%
of theoretical density from the average for that rod. Density profiles for fuel rods,
one meeting density specifications and one not meeting specifications, are shown

in Fig. 13.

Since starting "hot" operation on June 16, 1963, 720 fuel rods containing
650 kg of powder have been produced and shipped to BNL. The facility was operated
in campaigns of 120 rods. After each campaign, production was interrupted while a
"criticality cleanup' was made. During the period between campaigns, the operations
in the facility were assessed to determine areas where improvements could be made,

and routine maintenance was performed.
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The flowsheet and method of operation now used in the rod-fabrication facil-
ity make possible a very high utilization of the powder processed. About 90% of
the powder is utilized, with about 5% removed for analytical samples and about 5%
lost from the system due to spillage. The spilled material cannot be used in rods
because of contamination, and so it is removed and accounted for in the intercam-
paign criticality cleanup. The closed material balance, which includes process
losses, analytical samples, and an estimate of the system holdup shows a net loss of

0.3% of the material processed.

No loss of feed or rodsoccurs when the density specifications are not met.

This economy was effected by gamma~ray scanning the fuel rod before making the
end closure weld. The reject rate as determined by the gamma scanner has ranged
from a high of about 30% to a low of 3%, the present value. The feed material is
removed from the rods that fail to pass the density specification and is returned to
the powder-conditioning system to be used in subsequent rods. The returned fuel
tubes are simply reloaded. The sole reason for rejecting rods has been the varia-
tions in the point-to-point density along the length of the rod in excess of the £2%

specification.

Changing the particle-size distribution and manner of operating the ball mill
aggravated problems found during the cold runs. Malfunctioning of the indexing
mechanisms in this equipment was a major source of delay during the early months
of hot operation, and the mill was replaced with a simpler ball mill that would
have to be loaded and unloaded with gloved hands. This new mill does not solve
the general problem of remote milling, but a solution to the problem has been found
in the use of a larger continuous ball mill, developed subsequently. The remainder
of the equipment performed satisfactorily; infrequent breakdown and maintenance

has occurred.

The daily production averaged over a period of seven months is only six rods
per day. The reason this figure is far below the design capacity of 15 rods a day

is that during the first few months, training and equipment difficulties kept the
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production rate low. Initially, about 240 min were required for the production of

a fuel rod; during the last four months, rods have been routinely processed at a rate
of one rod in 40 min. During the first campaign, equipment on-stream time averaged
about 30%, and the facility operated at only 16% of the 15.5-rod-per-day ultimate
capability. During the last five campaigns, equipment on-stream time averaged 74%,
and the efficiency ranged from 51 to 62%. Thus, it is concluded that when staffed
with a sufficient number of proficient operators, the facility in its present state can
be operated for an extended period at the design capacity of 15 rods a day with an

on-stream time of 70% (average of 10.5 rods a day).

2. THORIUM-URANIUM FUEL CYCLE DEVELOPMENT FACILITY

Development of the thorium fuel cycle must eventually include an economic
analysis of the various fuel-element reprocessing and fabrication techniques at pilot
production levels. Since there appears to be an economic advantage in reducing
the amount of decontamination in reprocessing and because of the buildup of radio-
activity in fuels by the decay of 232U, it is desirable to have a heavily shielded
facility in which to develop and to study the economics of a variety of integrated

fuel reprocessing schemes. The TUFCDF is being constructed to fulfill this need.

The facility has been sized to accommodate integrated recycle processes with
equipment reduced in size from the anticipated production units so that a realistic
and reliable basis for technical and economic analyses will exist. A conceptual
design, based on the size, shielding, containment, and developmental flexibility
outlined in the criterias was completed in July 1962, A reporf6 on this design was
presented in December 1962. Title | design was started in January 1963 and com-
pleted in December 1963, with very little change in the concept. Title Il design is

expected to start early in 1964.

2.1 Building Design

The facility will be constructed in the Melton Valley Area near the Trans-

uranium Processing Plant and High Flux Isotope Reactor (Fig. 14). It will be an






33

irregularly shaped three=story building, approximately 162 ft long and 124 ft wide,
with a partial basement. The first floor (Fig. 15) provides space for offices, change
rooms, operating areas around the cell enclosures, a fuel-storage basin, and a re-
ceiving area. The second floor provides space for chemical makeup, sampling of
in-cell processes, cask decontamination, a "warm" shop, a development laboratory,
and the mechanical and electrical equipment for the building. The third floor is a
high-bay area, which includes the cell-roof area and provides facilities for entry
of cell services and cell access. This bay is provided with a 50-ton crane to handle
casks large enough to accommodate fuel elements up to 12 ft long. The basement
will provide space for access to the equipment storage cell and for the vulnerable
equipment associated with the chemical cell. The building acts as a second line

of containment around the cell complex.

The primary zone of containment for the facility is made up of six shielded
cells and an associated glove maintenance room and air lock. Four of the cells
provide the operating space for the process equipment, while two provide for sup-
porting functions. The operating cells are arranged in a line with one of the service
cells, which will be used for decontamination and as a radiation lock, "teeing" off
from the line at the point where the two large central cells join. This arrangement
provides for a high degree of mobility for movement of equipment within, into, and

from the shielded area.

The two large cells are remote-maintenance cells. The mechanical-processing
cell provides space for operations incidental to irradiated fuel recovery and recon-
stitution of fissile and fertile materials into forms suitable for use in fuel element
manufacture. The contaminated-fabrication cell provides space for fabrication
operations through the point at which all fissile and fertile material is contained and
sealed in fuel cladding. The chemical cell can be either a remote-maintenance or a
contact-maintenance cell, while the clean-fabrication cell used for final inspection
of fuel rods and assembly and inspection of fuel elements is a contact-maintenance

cell.
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All the remote~maintenance cells and the decontamination cell are lined with
stainless steel. The service penetrations for all cells are provided with seals to con-
fine radioactivity. Provisions have been made for future conversion to an inert
atmosphere in the remote-maintenance cells, the decontamination cell, equipment-
storage cell, and the glove-maintenance room to permit processing of pyrophoric

materials.

The cells are capable of processing and refabricating fuel assemblies as long
as 12 ft and containing as much as 35 kg of thorium-uranium fuel irradiated to
25,000 Mwd/metric ton and decayed for 90 days. To do this, all operating cells are
provided with the equivalent of 5-1/2 ft of normal concrete up to the electro-
mechanical manipulator bridge level, and 4-1/2 ft of concrete above this level.
Figure 16 is a sectional elevation showing the common roof line of all operating
cells with the varying floor levels required to provide different in~cell heights to
permit processing and refabrication of the power-reactor-size fuel elements. This
section also shows the bridge crane and electromechanical manipulator remote-
handling equipment along with the modular arrangement of windows and master-slave

manipulators.

2.2 Preparation of Thoria-Base Solids

The solids-preparation equipment to be installed in the TUFCDF will, insofar
as reasonable,be a scaled-down version of facilities that would be required for a
similar function in a production-scale thoria-urania fuel-assembly fabrication plant,
All major operations will be accomplished by prototype equipment, from which it is
anticipated that useful data relative to reliability, maintenance, and operating cost

on a plant scale, will be obtained.

Solids will be prepared by the sol-gel process, which in its various stages of
development has been described numerous Hmes.7'8 In the process description that
follows will be given a summary of information presented in earlier reports as well
as some information appearing in more detail in other portions of this report. Also

a summary description of the process equipment will be given.
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2.2.1 Description of Sol-Gel Process

In the sol-gel process, thoria is dispersed into a stable sol having a very large
crystallite surface area per unit weight (about 80 m2/g of ThO2), uranium is ad-
sorbed on the thoria surface, and the sol is dried in shallow pans to form a gel which
is calcined to form very dense (more than 99.5% of theoretical) homogeneous particles
suitable for vibratory compaction. A simplified process flowsheet was shown on page 9.

The individual steps are discussed below.

Steam-denitrated Th02 is dispersed (peptized) by the nitrate ion from uranyl
nitrate. The following procedure must be used in order to produce a sol with the de-
sired rheological properties. A Th02 slurry (10 to 12 M in ThOZ) is added to an
agitated solution of uranyl nitrate that contains the proper amount of nitrate for dis-
persion. The uranyl nitrate concentration should be such that enough water is added

to yield a ThO

concentration of approximately 4 M.

2
After thorough mixing, the slurry is agitated for about 1/2 hr at 80 to 90°C

to achieve complete dispersion. The amount of nitrate required to achieve complete

dispersion is 0.077 mole of nitrate per mole of ThO2. However, this amount of nitrate

prevents complete uranium sorption on the ThO2 surface, due to the low pH. There-

fore, the pH of the sol is raised by adding NH4OH in an amount equal fo 0.017 mole

per mole of ThOz, which allows complete uranium sorption. Agitation for 1/2 hr is

required aofter pH adjustment.

The NO3_—fo—Th mole ratio of 0.077 required for dispersion fixes an upper
limit on the amount of uranium that may be added as uranyl nitrate. |f stoichiometric
uranyl nitrate is obtained from solvent extraction, the maximum permissible uranium-
to-thoria mole ratio is 0.0385; this ratio is reduced to 0.03 if the nitrate-to~uranium
ratio is increased to 2.56. The uranium confent may be increased to about 10 mole

% by adding more uranium as ammonium diuranate.

After uranium sorption is complete, the sol is dried in shallow pans at the ap-
propriate depth (usually 1/2 to 1 in.) to fix at least one of the particle dimensions.

The drying takes 24 hr at a liquid temperature of 80 to 90°C, with the final solids
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temperature greater than 100°C but less than 135. This dried gel product will lose

less than an additional 7% in weight when calcined to 1150°C.

The final step in the sol-gel process is calcination, which produces densifica-
tion of the gel and reduction of the uranium to the tetravalent state. Densification
is accomplished by heating the dried gel to 1150°C. The uranium reduction is ac~

complished by soaking for at least 4 hr at 1150°C in an Ar—4% H,, atmosphere (a

2
nonexplosive mixture), followed by cooling to room temperature under argon. Both

steps are accomplished in one furnace.

The properties of the uranyl nitrate solution and the thoria powder required

for successful operation of the sol-gel process are as follows:

Uranyl Nitrate Solution Thoria Powder
1. NO3—/U mole ratio $2.4 1. Specific surface area, >40 m2/g
2. APT <100 ppm 2. N/Th <0.05
3. 233U X 150 g/liter 3. Those properties obtained by contact-

ing preheated Th(NO3) 4 crystals at
200°C, then steam contacting for 6 hr,
during which time the temperature is
raised from 200 to 475°C, with 3 hr of
heating at 2425°C

Those items of sol-gel process equipment that will contain radiocactive material
will be installed in the mechanical processing cell. They consist of a thoria-charging

233 . .
hood, a U storage tank, and a metering system for the uranyl nitrate solution.

The thoria-charging hood will be a stainless steel box designed for alpha con-
tainment and provided with the following facilities: storage space for the ThO2
transfer containers, a set of balances, a decontamination system, and a ThO2 slurry

tank. The ThO, slurry tank will be a 12-in.-diam tank 8 in. high, with a 60° included-

2
angle conical bottom, a 90° included-angle conical top, fitted with a 4-in. flanged

opening and a water~spray system for wetting the ThO2 powder,
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The 233U storage tank will be a 2-in.-thick slab tank, 7 ft wide and 7 ft high,
having a tapered bottom with 120° included angle, to provide sufficient uranyl nitrate
for 7 to 21 operating days. It will be located adjacent to the north cell wall and have
a 10-mil cadmium sheet attached to the tank surface adjacent to the cell wall. This
tank will hold 50 gal of uranyl nitrate solution and be critically safe for concentra=-

tions of 233U up to 400 g/liter.

The uranyl nitrate solution metering system will consist of two stainless steel
tanks 3-1/2 in. diameter and 5 ft long, plus instrumentation for measuring liquid level,
and equipment for transfer of uranyl nitrate to either of two destinations. The meter-
ing will be done by filling a tank slightly above the overflow point and allowing the
surplus to drain back fo the storage tank. Liquid will be discharged by pressurizing
the metering tank, causing liquid to flow to a small head pot. The quantity of solu~-
tion transferred will be measured by means of bubbler-type liquid-level sensing de-
vices. From the headpot, it will flow by gravity to the blend tank or to an ammonium

diuranate precipitation tank to be installed in the future if required.

This metering system will be capable of delivering to within 3% of a pre-
determined volume. After delivery is complete, it will measure the transferred

quantity fo within = 1%.

2.2.2 Sol-Gel Process Equipment

The sol~gel process equipment is to be installed in the mechanical-
processing cell and is to use uranyl nitrate and virgin, steam=-denitrated thorium
nitrate as feed. All equipment will be sized for a daily product rate of 35 kg of
calcined ThOZ-UO2.

tank system, a sol-metering system, a horizontal tray dryer, and a 3-in. vertical tube

The major equipment items are a 233U transfer hood, a blend-

furnace.

2 . . . .

The 33U transfer hood will be a stainless steel box designed to provide alpha
233 . . N

containment during transfer of the U solution. [t will have a decontamination

system, instrument connections for liquid level and density probes, a steam jet for
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. . . . 233 . .
discharging the carrier contents into the U storage tank located in the mechanical-

processing cell, control valves, and be constructed in such a manner that lead bricks

may be stacked around it for shielding if required.

The blend tank will be 1.75 in. thick, 5.5 ft wide, and 6 ft high, with a 60°
included-angle conical bottom and will be connected to a 15-gpm pump and a heat
exchanger. Other items that will be provided are: liquid-level instruments, a sol-
sample station, vapor condenser, valves, and a spray header to rinse all inside sur-
faces. The valves and pump will be mounted with disconnects in a manner suitable

for remote removal and replacement.

The sol metering system will provide a metered volume of sol about every 1.5
hr to the semicontinuous tray dryer. It will consist of a constant-volume overflow
type metering tank plus facilities for an "acid egg" type transfer to the dryer. The
terminus of the discharge line will be cooled to cause condensate to form on the cool
surface inside the pipe and flush any solids away, and also to serve as a vapor-liquid

separator in order to prevent splashing.

The horizontal tray dryer will be equipped with shallow pans pinned to a
horizontal conveyor chain that will move the filled trays over heated surfaces on
two levels, invert the trays directly over a 3-in. vertical tube furnace, jar the trays
to remove all solids, and elevate and reposition the trays for the next cycle. The
dryer will contain 22 trays, each 2 ft by 1 ft. Each tray will be 1-1/2 in. deep,
with a weir 1/2 in. high dividing the trays info two 1-ft by I-ft sections. The dryer

will be of all stainless steel construction.

The 3-in.~diam vertical tube furnace to be used for calcining is to be located
directly below the dryer return end and over a rotating disk that acts as a flow-
regulating valve for the calcined solids. The furnace will consist of three zones:
The top zone, about 18 in. long, is the "solids-preheat" zone, in which the dried
gel moves downward and is heated by the hot gases moving countercurrently. The
middle zone, about 24 in. long, is the calcining zone, where the solids are held at

1150°C for at least 4 hr. The bottom zone, about 6 in. long, is the "solids-cooling"
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zone, where the hot calcined solids moving downward are contacted and cooled by

upward moving argon.

The vertical tube will be made of alumina, with 1/4-in.-thick walls. Heat
will be supplied by twelve 400-w-capacity, silicon carbide resistance heaters
arranged perpendicular to the axis of the furnace. Flow out of the furnace will
be controlled by a rotating disk located below the vertical tube. The drive motor
for this flow-regulating disk will be controlled to maintain a full charge in the

furnace.

2.3 Oxide-Fabrication Equipment

The overall objective of the TUFCDF oxide-fabrication equipment is to
demonstrate the technical and economic feasibility of the remote fabrication
233U)O2 by the bulk~

oxide, vibratory-compaction,mechanical-assembly route; pilot-plant-scale

and assembly of rod-type fuel elements containing (Th-

equipment will be used. The equipment will be of production type in order that
the information gained will be applicable, both technically and economically,

to a full-scale production facility.

The equipment for making and inspecting fuel rods will be versatile and
capable of accommodating pins 2 to 10 ft long and 1/4 to 3/4 in. in diameter
and will have a capacity of about 35 kg/day. The assembly and final inspection
equipment will be greatly influenced by the configuration of a particular fuel
element design; therefore, the design of this equipment will be based on a se-
lected fuel element. A slightly modified Elk River Reactor fuel element (Fig. 17)
was recently chosen as the design reference for the assembly equipment. Other

assemblies can be accommodated by retooling the equipment.



af -

M 21000

———— GS}REF

GO REF ACTIVE PUEL. LENGTH

L2y

Fig. 17. Elk River Reactor Fuel Element.

A4



43

At this time, all the fabrication equipment has been conceptually designed,
and design and development of the process equipment is starting. The fabrication,
equipment, and current status of the program will be discussed in the sections that

follow.

2.3.1 The Process

The procedure for making the rod-type fuel elements consists in (1) sizing of
the sol-gel oxide for vibratory compaction, (2) vibratory compaction of fuel rods,
(3) fuel-pin end-cap welding and inspection, (4) fuel rod decontamination, (5) as~
sembly of fuel pins into fuel elements, and (6) final inspection. A detailed flow

diagram is shown in Fig. 18.

In the process, bulk oxide produced by the sol-gel process in an adjacent
cell first will be sized and separated into size fractions by a system of crushing,
grinding, and classification as required for vibratory packing. For equipment-
design purposes, it has been assumed that a combination of three particle sizes will
be used for vibratory packing of the bulk oxide. Following comminution and classi-
fication, fuel for one full pin loading will be dispensed and transferred to a blend-
transfer device for conveying the fuel to the vibratory-compaction apparatus. The
blend-transfer device will blend and transfer simultaneously two rod loadings at a
time. In the vibratory-compaction apparatus the blended fuel is packed into fuel

tubes.

Following compaction, each fuel pin is weighed, and the axial density vari-
ation of the column of compacted fuel is measured with a gamma-ray-absorption
scanner. Next, the fuel rod is capped, the cap is welded to the fuel tube by a
fusion welding process, and the fuel rod is moved to decontamination apparatus.
This apparatus also serves as a transfer device for moving the rod from the powder-
preparation and rod-fabrication area (clean-fabrication cell) to the inspection and

fuel element assembly area (clean-fabrication cell).
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In the clean-fabrication cell, the rods will be checked immediately for con-
tamination. Then, the end~cap welds will be inspected, and the rods will be tested
for dimensional conformity. The final steps will be the assembly of the fuel rods into

preconstructed fuel-element mechanical assemblies,and inspection.

2.3.2 Equipment

The layout of the fabrication equipment is divided into two areas, according
to the degree of contamination that is expected from the operations. Fabrication
operations that involve direct contact with the fuel material or rods in the unsealed
condition (powder preparation, vibratory compaction, gamma scanning, and welding)
will be done in the contaminated-fabrication cell. Operations after the fuel material
is contained in a sealed fuel rod (inspection and element assembly) will be accom-
plished in the clean-fabrication cell. A general layout of the equipment is shown

in Fig. 19.

Each item of equipment located in the contfaminated-fabrication cell will be
capable of being remotely installed, maintained, and removed by the cell remote-
handling equipment. Motors, switches, and complex mechanical components suscepti-
ble to wear, damage, or failure will be replaceable with a minimum of effort and
without removing the complete equipment item. Contact maintenance can be em~-
ployed in the clean-fabrication cell; therefore, provisions for maintenance by

manipulators in this cell will not be extensive.

In the design of the equipment, aluminum or mild steel will be used extensively,
with stainless steel being used only for parts in direct contact with the fuel or where
corrosive liquids or atmospheres dictate its use. Elastomers or other organic materials
will be used only when absolutely necessary, and, when used, provisions will be made

for their easy replacement.

The fabrication and inspection equipment will be built in the form of multi-
station systems. Transfer of the rods in the multistation system will be done with a

special rod-handling machine. Adaptability to the wide dimensional variation of
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rods will be achieved when possible by minor adjustment of components; however,
the cost of constructing versatile units may dictate partial retooling or complete

interchange of certain equipment items.

Operations in the Contaminated-Fabrication Cell. — There are eight impor-

tant operations in this cell. These are: (1) powder preparation, (2) vibratory com-
paction, (3) gamma scanning, (4) cap insertion and welding, (5) indexing using the
fuel rod basket, (6) leak checking, (7) storing and dispensing empty fuel tubes, and

(8) cleaning and transferring rods.

1. Powder Preparation. — In this step,the bulk oxide is prepared for vibratory
compaction. Since the oxide is dry, a severe contamination problem presents itself.
Therefore, powder-preparation equipment will be designed insofar as practicable to
contain the dust; however, absolute dust containment, as experience has shown in

the Kilorod Program, is extremely difficult.

The powdering of the bulk oxide begins with the primary crushing step. This
crushing will be done with a small-production jaw crusher capable of handling about
200 kg of sol-gel material an hour. Depending on the size distribution required for
vibratory compaction, a second crushing step may be necessary. A 6-in. roll crusher
capable of processing about 200 kg of oxide an hour will be used for this application.
After being crushed, the material will be classified, with the oversize material re~-

turning to the crushing equipment.

A ball mill will be used to produce the intermediate and fine fractions for
vibratory packing. The current type of ball mill being considered is a continuously
operated mill capable of handling about 50 kg an hour. Following the milling opera-
tion, the material will be classified, with the undesirable fractions being returned to

the mill.

For classification, two 18-in. vibratory-type classifiers will be used. Convey-
ing of the powder in the process will be accomplished by gravity, by vibratory-type
powder elevation mechanisms, and by vibratory trough feeders, as appropriate. Con-

trol of the process will be accomplished with flow-measuring devices to determine
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the flow of oxide to the primary and secondary crusher and to the ball mill. Weighed
hoppers will be used to indicate the crushing behavior of the material. Flow-indicating
devices will be used to monitor the powder flow at various places in the process. The
comminution and classifying equipment will be operated on a schedule of one batch a

day.

The quantity from each of the size fractions required for one pin loading will be
weighed out with an automatic batch-weigher. This device will use a 1:1-ratio
balance with an electronic readout. After the batch composition for one pin loading
is weighed out, the fuel will be emptied into a blending container, on the blend trans-
fer device. The blend-transfer device will allow the simultaneous blending and trans-
fer of two separate rod loadings to the vibratory-compaction apparatus. An oblique

blending action will be used for blending the powder.

2. Vibratory Compaction. — Vibratory-compaction will be carried out by use
of a boftom-actuated pneumatic vibrator system. The pneumatic vibrator being con-~
sidered as the energy source is a modified reciprocating-piston type. It is inexpensive
($200 to $300) and is expected to be reliable. In order to demonstrate production
capabilities, two pins will be packed simultaneously. The other component of the
vibratory-compaction apparatus consists of a chuck for holding the rod and vibratory

feeders for adding the fuel into the pin.

3. Gamma Scanning. — After being packed, the loaded fuel pin will be moved
to a gamma-absorption scanning device where the axial density variation of the filled
rod will be determined. The gamma scanner will be capable of detecting a 2% den-
sity variation over a 3/8-in. interval of rod length. The gamma scanner will consist
of a collimated gamma beam, an Nal detection crystal, and a means of moving the
beam along the length of the rod. Present data indicates that the gamma source
should be 60Co when scanning 1/2~ to 3/4-in.-diam fuel rods, and ]37Cs when
scanning 1/4~ to 1/2-in. fuel rods. A scanning speed of at least 12 in. a minute will

be necessary to demonstrate production feasibility.
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4. Cap Insertion and Welding. — Following gamma scanning, the filled rod
will be moved to a cap-inserting station. This station will consist of a wire-brushing
device for cleaning the weld area, another device for inserting the end caps and
accessories into the fuel tube, and a vacuum chamber for evacuating and backfilling
the tube with helium. The vacuum chamber will also contain a press mechanism for
seating the end cap in the fuel tube subsequent to the backfilling with helium. The

equipment at this station will be capable of a minimum cyclic rate of six an hour.

After inserting the end cap, the rod will be moved to the welding station where
the end caps will be fusion welded by the tungsten inert-gas process. The welding
device will consist primarily of a "chill block" rotating mechanism, a torch-positioning
mechanism, and an integral means of inserting the rod in the chill-block rotating
mechanism. This mechanism will use a collet chucking principle. Positioning of the
welding torch will be accomplished in two planes by means of either servo-mechanisms
or mechanical alignment cams. The changing of welding electrodes will be done by

means of a quick~change welding torch.

The welding unit will be capable of welding at speeds up to 20 in. a minute

and will have a cyclic capacity of at least six pins an hour.

5. Indexing by Means of the Fuel-Rod Basket, — The fuel-rod basket will serve
a twofold purpose: |t will remotely index to a position where rods can be loaded and
unloaded, and it will provide a means for holding the rods while transferring them

from cell to cell, and for storing rejected rods.

6. Leak-Checking. — The ends of fuel rods will be tested for leaks. The equip~
ment for this inspection will consist of either a variation of a helium mass-spectrometer

or of a pressure-sensing instrument. Work is in progress to determine which is better.

7. Storing and Dispensing Empty Fuel Tubes. — A tube magazine will be pro~
vided for orderly storage and dispensing of empty fuel tubes. This magazine, which
will be loaded with empty tubes in the gloved maintenance area, will store from 40

to 120 tubes, depending upon their diameter.
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8. Cleaning and Transferring Rods. — After welding, the rods will be put in a
fuel-rod basket that holds ten rods. Filled baskets will be hoisted by the cell crane
and lowered into the cleaner-transfer device. This device will incorporate mech-
anisms suitable for removing surface contamination and for transferring the cleaned
rods into the clean-fabrication cell. The cleaning will employ ultrasonic cleaning
methods and detergent solutions. A final hot-water rinse will be used to facilitate

drying.

Operations in the Clean-Fabrication Cell. — There are five important opera-

tions in this cell. These are 1) alpha monitoring, 2) radiographing welds, 3) dimen-

sional inspection, 4) fuel element assembly and inspection, and 5) rod transferring.

1. Alpha-Monitoring. — The fuel rods, immediately upon entry to the clean-
fabrication cell, will be tested for transferable contamination by means of a surface-
smearing device. The rods will be held by an indexing mechanism and be fed to a
device that swabs the rod. The swab will then be removed from the cell and placed
in a counting device where the contamination level will be evaluated. Rejected

rods will be recleaned until acceptable.

2. Radiographing Welds. — The quality of the end~cap weld will be evaluated
by radiographic inspection; an x-ray source coupled with an x-ray-sensitive television
camera will be used. A fuel tube in correct position will be rotated 360° while being

scanned. The unit will inspect for weld porosity, voids, and inclusions.

3. Dimensional Inspection. — In this operation the fuel-rod bow, diameter, and
length will be measured. The measuring device, which will consist of a rack which
accepts the fuel rod, will be equipped with a series of probes that sense the specified

dimensions.

4, Fuel-Element Assembly and Inspection. — This pair of operations is com-
bined because they are performed by a single device, which provides jigs for the
assembly of a complete fuel element, and also is equipped to carry out a dimensional
inspection of the finished element. The insertion of fuel rods into a preassembled

lattice will be done by the electromechanical manipulator. When the bundle has
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received its full complement of fuel rods, the top end fitting will be positioned by

the electromechanical manipulator and mechanically attached to the bundle.

The assembled fuel element will then be inspected to ensure that bow and rod-
to-rod spacing dimensions are within specified tolerances. This will be done by an
inspection jig equipped with feeler probes on coordinate slides. A carriage with

indicator heads will measure fuel-element bow.

The completed fuel element will then be withdrawn from the clean-fabrication

cell through the port into a shielded shipping cask.

5. Rod Transferring. — Means of rod transfer from station to station during the
fabrication process will be required. A special fitting on the in-cell electromechani-

cal manipulator can accomplish this.
3. PROCESS DEVELOPMENT AND EVALUATION

The scope of the Thorium-Utilization Program includes improvement and ex-
tension of sol-gel process flowsheets for thorium and thorium-uranium oxide and
carbide production. It also includes development of remote Th—233U fuel fabrication
techniques and the preparation, irradiation testing, and evaluation of mixed thorium
and uranium oxides and carbides, and of thorium alloys. In this section the results of

the work in the above areas will be presented.

3.1 Extensions of the Sol-Gel Process

Thorium oxide and 3% uranium oxide-thorium particles prepared by the sol-gel
process were sized while in the gel state to a distribution which, after calcining, was
suitable for vibratory packing. The control of larger particle sizes was done in the
drying step, and temperature and gel-bed depth were the significant variables. A
short period of ball-milling of hot gel immediately after drying was necessary to ob-
tain sufficient fine particles. The diameter and speed of the mill, the size distribution
of balls, and time were the significant variables for obtaining an optimum fraction of

-200 U.S. mesh particles.
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Studies of forming and gelling of microspheres (50 to 1000 p in diameter) of
thorium and uranium-thorium oxide sol droplets showed that microsphere formation
is feasible by several techniques and can be scaled up readily when done by using
a tapered column, The preferred method of forming the spherical sol droplets employs
a two-fluid nozzle that discharges sol droplets downward under the surface of an
organic solvent that removes water from the sol to form gel droplets in a tapered
column. An upflow of 2-ethyl-1-hexanol (2 EH) containing a surfactant is the

preferred fluidizing-gelling agent.

A sol-gel process is being developed for the preparation of thorium and uranium-
thorium carbides. The oxide sol is prepared as described in Section 1. High~surface~
area channel-black carbon is blended with the oxide sol, and the sol is formed into
microspheres. The microspheres are calcined to carbide in vacuum or flowing argon
at about 1800°C. Densities of dicarbide microspheres as high as 90% of theoretical

were obtained.

3.1.1 Particle Sizing

In the present method for preparing 3% uranium-thorium oxide for fuel-rod
loading by vibratory packing, the optimum particle=size distribution for efficient
packing is obtained by crushing, milling, screening, and blending after the calci-
nation step. Sizing the oxide in the gel stage has been developed and is expected
to give the following advantages: Gel is much more friable than calcined oxide,
therefore time, energy, and equipment maintenance should be saved; the final product
should contain less gas when ground before calcination. The flowsheet for the modi-

fied sol-gel process with sizing in the gel step is shown in Fig. 20.

Sizing the gel requires control of the solids depth, temperature and time during
sol-drying to give the coarse and medium size fractions. Light ball-milling the dried
product is required to give the necessary fines. The procedure has been demonstrated

on a 1-kg batch scale.

1. Laboratory Studies of Gel Sizing. — Gel that is formed by drying sol in a

tray fractures to a range of particle sizes whose distribution depends on the rate of
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drying the gel, once it is formed. The rate, in turn, depends on bed thickness, the
maximum temperature of the gel, and the time held at the maximum temperature. The
procedure was developed for the thorium oxide gel prepared in the Kilorod Program;
consequently, certain factors were held constant, for example, solids concentration

(2 M), uranium percentage, depth of sol and thickness of gel. The maximum final

gel temperature chosen was 150°C, and the gel was held at that temperature for 1 hr.
This time interval and temperature were chosen because they gave a product contain-
ing less than 10% of oversize particles (+6 mesh). Lower final temperatures gave from
15 to 20 wt % oversize. In drying sols, although the air temperature is maintained at
150°C, the sol temperature is less than 100°C until all of the free water is evaporated.
The temperature of the solids remains below, but approaches, 150°C during the last

hour of drying.

The relationship of initial depth of the sol in the drying tray to particle-size
distribution is shown in Fig. 21. Two-molar sol at a depth of 2.5 to 3 cm was dried to
a gel which,when ball milled for 1 hr, gave a desired particle-size range before cal-
cination. The dry, hot gel was transferred to a porcelain ball mill containing porce-
lain balls. Batches that were allowed to cool in air absorbed water, causing small
particles to stick to the walls and balls of the mill, and to each other. A typical
kilogram-size batch of uranium-thorium oxide gel, dried to a final temperature of
150°C, had the particle=-size distribution shown in Table 7. The amount of shrinkage
of gel particles during calcination at 1150°C was 45 to 55% by volume and about
23% in diameter. When large particles of gel were immersed in water or sol, or
sprayed with water or sol, they dispersed into smaller fragments. This provided a

method for treatment of the oversize material.

2. Engineering Studies of Gel Sizing. — The effects of ball-milling conditions

and of the sol composition and drying conditions were studied with three batches of
thoria sol and three of thoria-urania sol. The range of variables was limited, since
the thoria product was prepared for a specific purpose, and the thoria-urania product
was to be used for a vibratory-compaction test of material sized while in the gel

state.
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Table 7. Size Distribution of Gel-Sized Uranium~Thorium Oxide After
1 hr of Ball Milling

Drying conditions: Initial sol depth, 2,5 cm; final drying temperature, 150°C;
discharged from oven to ball mill hot, milled 1 hr; firing
temperature, 1150°C; time, 4 hr; argon - 4% H2

Size Wt % in Size Range
(U. S. std. mesh) Before Firing After Firing
+6° 9.3 3.4
-6, +10 38.7 32.5
-10, +20 16.8 24.0
-20, +100 9.7 12.2
-100, +200 5.3 3.7
-200 21.0 24.0

a . . . .
Oversize for Kilorod application.

The results show that the amounts of +16 and -16 mesh material may be varied
over wide ranges by variations in the ball-milling conditions (Table 8). The weight
percenfage in each size range was reproducible to about = 10%. Most of the com-
minution of +16 material to =16 occurred in the first 20 min of ball milling. Con-
tinued milling after 20 min was more effective for reducing the 16-to-100 mesh
material to =100 than it was for reducing +16 to ~16 mesh. The ball-milling condi-
tions that gave about 40 wt % of ~16 mesh material left 8 to 32 wt % of +6 mesh

material, which would be too large for most vibratory-compaction uses.

The weight of gel charge, the weight of balls, and the size of balls all signifi-
cantly affected the size distribution of the product. While the conditions to be used
in a larger mill would have to be determined experimentally, the results would guide
the selection of conditions. Larger balls break up the larger particles more effectively,
while small balls favor the formation of -200 mesh material. The rate of formation of
fines increased somewhat, but not in proportion, when either the weight of gel or of

balls was increased.



Table 8. Effects of Ball-Milling Conditions on Gel Sizing

Ball mill: 2200-cc porcelain jar, about 5 in. in inner diameter; rotation rate, 78 rpm
Screens: U. S. Standard

Ball-Milling Conditions

Weight Weight Ball Gel Size Distributions Calcined Oxide Size Distributions (1150°C, air atmosphere)
of Gel Ratio Diameter Time (wt %) (wt %)
Material (&)} Balls/Gel (in.) (min) Er 16 -T8 +6 /16 16/20 20/100 T00,/200 -200
Thoria 927 0.22 1@ 10 26.1 56.4 43.6 b
1597 0.13 10 433 74.5 25.5 16.4 43.9 6.8 16.3 4.5 12,2
1394 0.15 20 20.8 56.5 43.5
Thoria 924 0.22 1 5 43.7 71.9 28.1
912 0.22 10 33.4 65.4 34.6
1105 0.19 15 26.3 57.5 42.5 12.7 39.9 7.7 18.6 5.9 15.2
981 0.21 20 31,9 56.6 43.4
1603 0.13 30 19.0 53.7 46.3
Thoria-yrania 705 0.57 0.5° 120 - 37.0 63.0 25.7 11.0 0.3 0.9 3.7 58.4
1193 0.36 a.5 120 - 49.6 50.4 34.3 14.5 0.7 0.8 0.8 49.0
612 0,33 0.5 120 - 40.4 59.6 25.2 14.2 0.8 1.5 1.4 56.9
999 0.21 0.5 120 - 55.1 44.9 34.2 19.0 1.5 2.0 1.0 423
1003 0.21 1@ 10 41.6 65.1 34.9 26.3 34.0 5.7 14,9 5.1 14.1
967 0.21 1 10 41.6 65.3 34.7 22.9 37.7 5.6 14.3 4.9 4.7
1001 0.21 1 120 - 37.5 62.5 25.4 1.9 0.4 1.8 8.2 52.4
506 0.41 1 120 24.7 75.3 17.5 6.8 0.4 1.0 9.0 65.3

LS

“One-inch balls (approximately spherical A|203)
bThis was 6.1 wt % of +4 mesh material.

®Half-inch "balls" (ellipsoidial river gravel, about 3/8 x 1/2 x 3/4 in.)
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The drying temperature and the NO3—/Th or NH3/Th mole ratios in the sol
significantly affected the size distributions in the product, while the other sol com-
position and drying variables had little effect (Table 9). The size distributions did
not vary significantly over the range 1.9 to 3.2 cm of sol depth in the drying trays.
Also, increasing drying time from 22 hr to 70 hr had little effect. Thoria-urania sols
dispersed under optimum conditions gave about the same size distribution as thoria sol
when dried under comparable conditions. The amount of +6 mesh product decreased
from 20 to 30 wt % at a 90°C drying temperature to 9 to 16 wt % at 135°C and 2% at
155°C. An increase in the NO3_/Th and NH3/Th ratios using the 135°C drying tem- .
perature also reduced the fraction of +6 mesh to 2 wt %. The fractions of =16 and -200
mesh material were nearly the same for all drying temperatures (35 to 40 wt % and 11
to 15 wt %, respectively, for 10 min of ball milling). Thus, the principal effect of the
drying temperature was to determine whether the large particles were +6 or 6 to 16

mesh.

The rates of evaporation in the drying ovens were limited by the heat transfer;
visible bubbling did not occur. In the atmospheric drying oven, the air temperature
and sol temperature remained below the temperature set on the thermostat for most
of the drying, and approached 135 or 150°C only as the gel approached dryness. The
gel was charged into ball mill jars preheated to about 100°C. No caking was ob-
served, and all the product discharged as free~flowing material. The densities of the
thoria-urania products were 8.7 g/cc when vibratorily packed in 1/2-in.-diam, 6-ft-

long rubes.9 -

Several possible improvements should be tested if gel sizing is to be used in a
future installation. A continuous ball or rod mill designed to discharge only -6 or
-10 mesh material could be used to eliminate the oversize and the messy charge and
discharge operations. A large mill diameter and large balls or rods would probably
crack the large gel particles without producing an excess of fines. Routine prepara-
tion of material which will pack to 8.9 or 9.0 g/cc should be demonstrated with the

best procedures indicated by the previous results.



Sol: 2M ThO2 charged to drying oven; pH adjustment of thoria-urania sols by addition of ammonia in a 0.017 = NH4OH/Th mole ratio

"Vacyum " drying oven: Slight vacuum with small air purge; about 90°C

Table 9. Effects of Sol Composition and Drying Conditions on Gel Sizing

Atmospheric-pressure drying oven: 750~w on-off control set for final temperature of 135 to 150°C; small air purge

Bail-mill conditions: 2200-cc porcelain jar, about 5 in. in inner diameter; about 1000 g gel and 210 g of 1~in. AI2
78 rpm for 10 min, unless otherwise noted.

3

Q,, balls rotated at

Nog/Th Ratio in Sol

Dry Conditions

Gel Size Distributions

Calcined Oxide Size Distributions (wt %)

Sol Depth  Final Temperature Time (wt %) (1150°C, air atmosphere for calcination)
Material Added Total (in.) (°C) (hr) +6 +16 -16 +6 6/16 16/20 20/100 100/200 -200
Thoria-urania 0.077 0.109 3/4 135 ~22 33.3 62.7 37.3 - - - - - -
0.077 0.109 155 ~22 19.5 59.0 41.0 2.0 46.9 10.3 24.0 4.7 i2.1
0.077 0.109° 135 ~22 24,07 60.1 39.9 8.9 45.5 7.6 20.4 4.8 12.8
0.077 high 135 ~22 9.7 53.6 46.4 1.9 40.6 12.6 28.2 5.5 1.2
0.077 0.138 1-1/4 90b >500 4].6b 65.1 34.9 26.3 34.0 5.7 14,9 5.1 14.1
0.077 0.138 1~1/4 90 >500 35.0 63.4 36.6 - - - - - -
0.077 0.109 3/4 135 ~22 18.4F 32.4 67.6 9.8f 20.7 2.1 9.8 13.5 44.1
0.077 0.138 1-1/4 %0 70 - 37.5F 62.5 25.4f 1.9 0.4 1.8 8.2 52.4
Thoria 0.077 0.109 135 ~22 33.4 65.4 34.6 - - - - - -
0.077 0.125 135 ~22 3.1 68.6 31.4 - - - - - -
0.070 0,125 135 ~22 26,1 56.4 43.6 - - - - - -
0.077 0.125 148 70 13.4 57.0 43.0 - - - - - -
Thoria 0.070 0.125 3/4 135 ~22 43.3° 74.5 25.5 - - - - - -
0.070 0.125 1-1/4 135 ~22 47.4¢ 75.7 24.3 - - - - - -
0.077 0.125 1-1/4 135 66 35.5° 20.2 19.8 - - - - - -
Thoria 0.077 0.109 1 135 ~22 |9.0d'e 43.7 46.3 - - - - - -
0.077 0.125 3/4 150 ~22 8.7% 34.1 65.9 - - - - - -

“No pH adjustment,
bGel dried at 90°C and then heated to 150°C before ball milling.
About 1600 g of gel and 0.13 ball/gel weight ratio used for ball milling.

dAbout 1600 g of gel and 0.13 ball/gel weight ratio.
eThir'ry minutes ball-milling time instead of 10 minutes.

fBall-milling time of 120 minutes instead of 10 minutes.
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3.1.2 Formation of Gelled Microspheres from Oxide and Oxide-Carbon Sols

Laboratory and engineering studies were conducted for the formation of near-
perfect microspheres of thorium oxide, uranium-thorium oxide, and uranium oxide-
thorium oxide-carbon gels 30 to 1000 u in diameter. The preferred method of
microsphere formation is jet-dispersion of sol from a two-fluid nozzle into a liquid
that has negligible solubility in the sol, moderate capacity for dissolving water, and
negligible tendency to extract thorium, uranium, or carbon from the sol. Slow ex-
traction of water from the sol microspheres leads to strong gel microspheres, which
can be handled, further dried, and finally fired to dense spheres of oxide or carbide.
In the jet of the spray nozzle, the sol is discharged from a capillary tube at the
center, and the forming liquid flows concurrently from an annulus around the sol duct,
The organic extractant also disperses the very fine stream of sol to droplets. In this
system, Th02 and uranium-thorium oxide particles 50 to 1000 p in diameter have
been formed and dried. An alternative involves dispersion of the sol by pouring it

into solvent stirred in a pot.

In order to prepare sols suitable for forming microspheres, it was necessary to
modify the basic sol-gel process. The schematic flowsheets for the modified processes
are shown in Fig. 22, Oxide sols 2.5 to 5 M in Th or U + Th have been successfully
formed into spheres, using 2—ethylhexanol as the sphere-forming and water-extracting
fluid, with Armour Ethomeen S/15 as a surfactant. For oxide-carbon sols having a
C/Th mole ratio of 4.5 to 5, the ThO2 concentration range for well-formed spheres
was from 1 to 2 M, depending on the viscosity of the sol and on the size of spheres

desired.

Column operation appears to be more promising than a stirred pot for micro-
sphere preparation in a remotely operated plant because, in a column, droplet sizing
and sphere suspension can be controlled separately. With a feeder mechanism that
can deliver controlled, uniform droplets, semicontinuous operation is possible.
Technology for remotely operated pumps, valves, and columns using organic ex-
tractants is well developed. Column operation has been shown to give oxide micro-
spheres having a range of desired sizes between 50 and 1000 y, and also other desired

properties such as good integrity, high density, and extremely high strength.
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The scope of engineering development included the design and testing of two
kinds of spray nozzles for forming sol spheres, three sizes of drying columns and dis-

tillation equipment for removing water from the extractant.

Laboratory Studies

1. Preparation of Oxide Sols. — Thorium oxide sols and sols with U/Th ratios
of up to 0.05 were prepared by the same procedures optimized for previous sol-gel
flowsheefs.]O Urany! nitrate solutions with NO3_/U022+ ratios as low as 1.5 were
stable and were used to obtain higher U/Th ratios without exceeding the preferred
NO3_/Th ratio. For special, accelerated irradiation tests, a uranium-thorium oxide
sol containing about 8% uranium is needed. The standard sol preparation, with uranyl
nitrate as the source of uranium, can be used up to about 5% uranium without exceed-
ing the maximum allowable NO3-/ThO2 mole ratio. For the 8% uranium-thorium

oxide sol at a concentration of 3 M ThO, (optimum for forming 200- to 600-p~diam

spheres in 2EH), an NO3_/ThO2 mole raztio of 0.06 rather than 0.077 was required

to control viscosity to a value low enough to permit passage through the orifice of
the forming nozzle. The preparation was made by dispersing steam-denitrated ThO2
with 0.06 mole HNO3 per mole of ThOZ’ then mixing UO3-2H20 with the thoria sol.
Forming and drying 200- to 400-u spheres in the intermediate column with the two-

fluid nozzle and drying with 2EH-Ethomeen S/15 gave no unusual problems.

2. Preparation of Oxide-Carbon Sols. — The procedure used to add the carbon

necessary for carbide formation to the sols is discussed in Section 3.1.3.

Of the 14 water-immiscible solvents screened (including alcohols, esters,
hydrocarbons, and ethers) for oxide~carbon microsphere formation, 2-ethyl-1-hexanol
(2EH) was the most successful. The criteria for selection were: (1) formation of a
high percentage of spheres, and(2) a minimum of surface defects and internal voids
after drying and firing. In addition to having a favorable combination of physical
and chemical properties for forming, the 2EH flash point is 185°F. The water-2EH

azeotrope boils at 98°C, providing a simple method for regenerating the solvent.
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In early work on microsphere formation, CCl4 was used with varying amounts
of isopropyl alcohol to give controlled capacities for water. Carbon tetrachloride—
20% isopropyl alcohol worked well in a stirred-pot method for forming and drying,
but very poorly in a column. In screening other solvents for column operation,
halogenated solvents and other toxic solvents were avoided because of likely health
hazards and halogen contamination of the product. Solvents having a low flash point

were also eliminated because of the fire hazard.

3. Selection of Surfactants. — To form spheres of thorium oxide or uranium-
thorium oxide, a surfactant was added to the organic phase in order to prevent the
sol droplets from coalescing, adhering to the walls of the column, distorting, or
clustering. Of about 20 surfactants screened, only the water-in-oil types exerted
any beneficial modification of the drying solvent (2EH). The anionic surfactants,
for example, Geigy's Sarkosyl-O (oleyl amide of N-methylglycine) extracted some
of the thoria into the organic phase. Cationic surfactants were satisfactory for Th02
sols, and, of these, Geigy's Alrosperse~100 and Amine-O and Armour Ethomeens,
T/15, S/15, 18/15 were best. Non-ionic surfactants were required for preparations

that contained uranium.,

For sols containing carbon, the lyophilic carbon itself behaved as a surfactant
in 2EH, but, without the use of additional surfactant, carbon tends to transfer to the
organic phase. The non-ionic fatty acid derivatives of Carbowax appear to give
spheres having surfaces with the fewest defects and to prevent extraction of carbon.
Of these, Hodag 40 R (mixed mono-oleate and mono-ricinoleate of Carbowax 400),

Paraplex~62, and 2-octanol were the most effective.

Engineering Studies

1. Dispersion and Drying by Agitation in a Pot. — The first microsphere-
formation studies were done with thoria. A 2 M thoria sol was converted to spheroids
by adding it in a fine stream at room temperature to carbon tetrachloride, containing
10 to 30% by volume of isopropyl alcohol, which was agitated by a flat-blade rotary
agitator (100 to 500 rpm). At the end of 10 to 20 min of agitation, the sol drops had
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set to gel beads, which were separated from the forming bath, washed free from CCI4
with isopropyl alcohol, oven dried at 100°C, and then fired for 4 hr at 1200°C.
Similar procedures were also used to form microspheres from thorium oxide-carbon
and 3 wt % uranium-thorium oxide-carbon. Variations in conditions were required

for each type, as illustrated by Table 10,

The thoria microspheres formed at 370 rpm had (after firing) the following
physical properties: density by helium pycnometry, 9.94 g/cc; BET (N2) surface
area, 0.006 mz/g; average geometric surface area, 0.003 m2/g; average crushing
strength (10 particles) 976 g (the range was 622 to 1722 g). The thoria-carbon
spheres were more porous, had a "matte " rather than reflective surface and were

weaker, but sufficiently strong for process handling.

About 700 g of thoria spheres and several 60-g batches of uranium-thorium
oxide spheres of 150 to 250 y diameter and of high density and good strength were

prepared by this method for various groups for use in further experimentation.

2. Development of Dispersion Nozzles. — Preparation of microspheres of con-
trolled diameters by the extraction of water into a solvent requires the formation in
the solvent of sol droplets of a controlled diameter. Conversion of sols 0.5 to 5.0 M
in Th + U oxides to calcined oxide microspheres of near theoretical density requires
that the sol drops first formed be 2 to 4 times the final diameter desired. A primary
objective in the microsphere-preparation studies was to produce 150- to 250-p~diam
microspheres. However, other sizes will probably be desirable for particular uses, and
therefore a technique which could be controlled to give spheres having a diameter

anywhere in the range of 5- to 1000-p-diam was desired.

The breakup into droplets occurs by several mechanisms, the predominant one
depending on the sol properties and flow rates, the nozzle dimensions, and the
properties and agitation of the drying solvent. The conditions that result in these
mechanisms for the breakup of liquid jets have been correlated with the relative
velocity of the jet and the solvent used as dispersion medium. These mechanisms

and the important variables are as follows:
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Table 10. The Effect of Stirring Speed on the Size of Oxide and
Oxide~-Carbon Microspheres

Sol Composition:

A. ThO,_ sol: 4.6 moles ThOZ/Iifer; HNO../ThO., mole ratio, 0.077; surfactant,
Spcm2-80. 3 2

B. ThOz—carbon sol: ~1 mole ThO,/liter; C/ThO,, mole ratio, 5 NO;/ThOZ

mole ratio, 0.077; ethoxylated soybean oil surfactant.

C. (ThO,-3 mole % UQ,) - carbon sol: ~1 mole ThO,/liter; C/Th02 ratio:
4.3; O:;/ThO2 ratio: 0.077; ethoxylated soybean oil surfactant,

Apparatus: Flat-blade rotary turbine stirrer in a 4-liter beaker
Forming Fluid: Carbon tetrachloride - 20 volume % isopropy| alcohol
Gelling Time: About 20 min

Temperature: About 26°C

Stirring Mean Particle Yield of
Speed Particle Size 150~ to 250~p-
Sol (rpm) Sized (u) Distribution” (y) Diam Particles (%)
A 330 190° 1.6 45
350 182° 1.4 50
370 160° 1.4 56
B 230 194 1.5 47
300 100 1.6 5
300 104 1.6 5
C 200 255 3.3 35
240 115 2.3 20
265 132 1.5 30
9 Geometric mean “Calcined at 1200°C for 4 hr

b _— .
Standard deviation from geometric mean
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1. At low flow rates of sol and with the nozzle stationary with respect to the
dispersant, the drop is formed in agreement with the hanging-drop model. The drop
size is controlled by the wetted perimeter of the nozzle, the interfacial tension, and

the density difference between the two phases.

2. When a continuous jet of liquid is formed with only a moderate velocity
difference between the two phases, the liquid jet breaks up into lengths of about 4.4
diameters, which then fcim drops with diameters about twice that of the jet. This
behavior has been predicted theoretically and observed experimenfclly,” and is

termed a "varicose disturbance'.

3. At velocities above a critical velocity, the breakup is controlled by viscous
and inertial forces that result in disruption of the jet and the formation of droplets of
small diameter. This mechanism would probably give less uniform drops than either

the falling-drop or the varicose mechanisms.

The falling-drop mechanism was studied by discharging the sol through an
orifice (0.006 in. or 0.015 cm was the most common diameter) at a low flow rafe
with a few inches of sol-fluid head. Theoretically, the drop diameter D should be
related to the orifice diameter d, the interfacial tension y, and the density difference

between sol and solvent Ag by:

1/3
D= EL 9 . (M

£e8

The empirical correction factor f is usually about 0.6 for liquid drops. The constant
g is the gravitational constant. Substituting values for a 3 M thoria sol and an inter-

facial tension of 15 dynes/cm, the values of D and d in cm are related by:

p=0.4d"2 . )
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Thus, the 0.015-cm~diam orifice would give about 1000-p-diam drops. Droplet
diameters in agreement with the falling-drop mode! were obtained. However, the
very small orifices (less than 0.001 in.) necessary to obtain the smaller drops desired

were not practical due to plugging by the thixotropic and pseudoplastic sols.

In one study of the hanging drop model, a 4.9 M thoria sol was fed through a
6-mil-diam orifice immersed in 2EH containing 0.1 vol % Paraplex G-62. The
interfacial tension between the sol and organic phases was 15.4 dynes/cm, and the
density difference was 1.33 g/cc. From Eq. (1) the predicted droplet diameter would
be 870 u, which would give a diameter of 440 u after calcination at 1150°C. The
diameter of the calcined thoria spheres prepared by the preceding procedure measured
540 u (Fig. 23). If the empirical factor f in Eq. (1) is 1.0, then the predicted sol drop
diameter is 1030 microns which would shrink to 520 microns after calcination. With

f equal to 1.0 the experimental agreement with Eq. (1) is within 4%.

The most promising technique for obtaining the desired sizes of droplet is an
application of the varicose mechanism with a two-fluid nozzle. This nozzle has the
conformation commonly used for a gas-driven liquid~atomizing spray nozzle (Fig. 24).
The sol is fed through the center tube, while the drive fluid (2EH or any other drying
solvent used) is fed through the concentric outer nozzle. The two-fluid nozzle using
a drive fluid has an advantage over a single nozzle without a drive fluid in that the
sol channel may be much larger, thus reducing the probability of plugging. When the
sol drop is produced by the varicose mechanism, the sol jet stream diameter must be
about half the desired drop diameter. If it were necessary for the nozzle diameter to
be the same size as the sol jet stream, the nozzle orifice would have to be undesir-
ably small (0.005 to 0.100 cm). However, the drive fluid coming from the annulus
can accelerate the sol stream after it leaves the nozzle and thus reduce the diameter
of the sol jet. In this manner, a 0.005-cm-diam sol jet stream can be obtained from
a much larger nozzle. In addition, the sol jet diameter may be varied by varying
either the sol flow rate or the drive-fluid flow rate. For a simple nozzle,the sol
droplet diameter is controlled only by the orifice diameter. Still another advantage

is that the critical velocity above which disruption by viscous and inertial forces
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occurs would be low for the small sol jet diameter and the high-viscosity drying
solvent. Therefore, the varicose disturbance mechanism of jet breakup would not
be practical for a simple single nozzle since the falling drop and disruptive
mechanisms might even overlap. By using the two-fluid nozzle, the relative veloc-
ity of the sol jet and the adjacent solvent is small, even though the velocity of the

jet relative to the nozzle is large.

The droplet diameter to be expected from the two-fluid nozzle in the varicose-
disturbance-mechanism regime may be estimated by assuming that the sol jet is ac-
celerated to the drive fluid velocity and then breaks up to give sol drops whose
diameter is about twice the jet diameter. A volume balance gives the following

relationships:

7Td2 7TD2
Sol flow rate = f = T) V= 5 V,

where d = the sol jet diameter,
D = the droplet diameter,
V = the drive fluid velocity.

The drop diameter may be expressed in terms of sol flow rate and solvent

(drive fluid) flow rate by using the expression:

Drive fluid flow rate = F = AV,
where A is the nozzle area (area of the annulus) for the drive fluid flow.

Solving for the drop diameter:

B [ f
D=23 —F—A.

Actually, the drive fluid will be slowed down by both the sol and the surrounding
solvent. Therefore, the value of D calculated from this equation will be a minimum.
Experimental values might be appreciably larger, especially for small drive~fluid-

nozzle areas.
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In one study of the varicose-disturbance mechanism a 4.9 M thoria sol was fed
through the fluid side of a pneumatic atomizing nozzle (Fig. 24) into the top of a
column containing 2EH with Sarkosyl O as a surfactant. The organic phase was
metered through the air side of the nozzle to increase the velocity of the sol stream.
The nozzle setup used was fluid nozzle 2850 and air nozzle 120 which has a drive
fluid flow area of 6.0 x 10—2 cm2. At respective sol and organic flow rates of 1.4
and 440 cc/min, about 65 g of thoria spheres were produced with a mean diameter
of 250 u (after calcination to 1150°C). During this initial feasibility run, 80% of
the oxide was within the size range 200 to 300 . Equation (3) predicts a sol-droplet
diameter of 320 p, which would shrink to 160 after calcination. The 2EH has a high
viscosity; consequently, slowing down of the sol jet by the quiescent bulk solvent

probably causes the experimental observed diameters to be larger than those calcu-

lated according to Eq. (3).

3. Drying Column for Spherical Sol Droplets. — The feasibility of producing
thoria, thoria-urania, and thoria~urania-carbon spherical particles with diameters of
100 to 1000 p was demonstrated in a fluidized column in which 2EH was used as the
forming and drying medium. The sol is dispersed into droplets at the top of a tapered
glass column and allowed to settle until the droplet reaches its terminal (fluidizing)
velocity. Droplet coalescence and glass wetting are prevented by dissolving a suit-
able surfactant in the organic phase as discussed above. As water is being extracted
from the aqueous sol phase into the organic medium, gelling of the sol droplets occurs,
thus allowing the spheres to be removed from the bottom of the column after a holdup
time of 10 to 30 min. The gelled particles are dried at 100°C to remove the excess
organic liquid and to reduce the water content of the gel to about 5 wt %. On firing
to 1150°C, the thoria and thoria-urania spheres have densities close to theoretical

crystal density, and they have very high crushing strengths.

Three different tapered glass columns were used in the microsphere studies.
The smallest column system (15 in. long and tapered from 1/4 in. ID at the bottom to
1 in. ID at the top) contained only 200 m! of organic solution and was used for testing

surfactants. The largest column system studied (described in ORNL-TM-642) held 6
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liters and was used for testing the feasibility of using a two-fluid nozzle for making

sol droplets. This column is glass and has an included angle of 5°, which creates an
uncontrollable flow separation at the column wall. Because of the flow separation,

the droplets and gelled spheres were in continuous vertical motion in the column, in-
creasing the probability of droplet coalescence and agglomeration. The bottom organic
entrance section to this column is a 3=in.-to~1-in. glass reducer. This increases the
flow=instability problem. A flow distributor plate (37 holes, 3/32-in. diam) with 32%
free area was inserted below the tapered column at the 1-in.-ID section in an attempt

to improve the flow pattern, but it was not significantly improved.

The most satisfactory column system contained 2 liters of solvent and was used
for studying the formation of droplets from orifices of different sizes and for producing
30- to 40~g samples of carbon-thoria-urania spheroids. The glass column has a con-
verging, tapered entrance section, 12 in. long, decreasing from 1-1/2 in. to 1/2 in. in
inner diameter. The fluidizing (diverging) section of the column increases from 1/2
to 1-1/8 in. in inner diameter in a 24-in. length (included angle of taper is 1-1/2°).
Even at a Reynold's number of 400 (based on 1/2-in. diam) the first few droplets pro-
duced in the column indicated flow separation at the wall; however, as the droplet
population increased, a bed of droplets was formed which dampened the flow insta-
bilities. Within 20 minutes at a sol flow rate of 15 to 20 cc/hr, two distinct beds or
layers were formed. A bed containing liquid sol droplets was separated by approxi-
mately 1 in. and was above a second bed of gelled particles. The Stokes velocity for
a gelled particle is 1.3 to 1.4 times greater than that for a newly cormed droplet (5 M
thoria sol). This two-layer phenomenon, which might permit the continuous operation
of a column, has persisted throughout several runs in which a uniform droplet size was

achieved.

A larger column system was made and installed (Fig. 25) to study the effect of
scaleup on flow patterns and to study further the feasibility of a two-fluid nozzle for
making droplets. In order to make calcined thoria spheres in the size range of 150
to 250 p from a 4.9 M thoria sol (density is 2.16 g/cc), droplet diameters between 298

and 495 p would be required. For an idealized system with this size distribution,
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the ratio of Stokes' terminal velocities of the largest gelled particle to the smallest
droplet would be 3.81. For a given flow rate this would correspond to a ratio of col-
umn diameters of 1.95. With uniformly sized droplets the same ratio of Stokes' termi-
nal velocities reduces to 1.38, corresponding to a required ratio of column diameters
of 1.18. Thus, the ultimate sol droplet size distribution that can be achieved will

strongly influence the final column design.

About 60 g of calcined thoria spheres (Fig. 26) in the size range of 500 to 600
1 were prepared for studies of their properties. The gel spheres were made by fluidiz-
ing "free-fall " sol droplets in 2EH containing 0.1 vol % Paraplex G-62. These spheres
were then calcined at 1150 to 1200°C. A cross-sectional view of the calcined spheres
is shown in Fig. 27. No indication of internal porosity was detected by either optical
or electron microscopy. The following physical properties were determined on the
calcined spheres (from runs ICX-16 and ICX~18) density measured by He pycnometry:
9.91 to 9.98 g/cc; BET surface area, 0.003 m2/g (surface area of perfect spheres of the
same diameters: 0.0011 m2/g,' Crushing strength of 20 particles: Fourteen particles
did not break at 5710 g (load limit of testing device) and six fractured at an average

load of 5425 g.

About 150 g of thoria-urania-carbon gel spheres were prepared for testing
various carbon sol preparations. These spheres were made in a fluidized column of

2EH containing Paraplex G-62 surfactant,

4. Method for Drying. — The 2EH fluidizing and gelling solvent extracts water
from the sol microspheres, becoming saturated at 2.55 wt % water, but a continuous
single-stage distillation can remove the water and regenerate the 2EH. This process

would be easy to operate remotely and would require little space inside a "hot" cell.

In the proposed distillation process, a sidestream of 2EH is taken from the
sphere-forming system and preheated with the dried 2EH (Fig. 28). The water-
saturated 2EH then passes into the still where most of the water goes into the vapor
phase. The 2EH, whose vapor pressure is lower, concentrates in the pot. The com-
positions of the liquid and vapor streams leaving the still are controlled by the

temperature (Fig. 29). If the sphere-forming process is operated with 2EH containing
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1 wt % water and if the still is operated at 145°C, 10% of the feed to the still is
vaporized, and the distillate contains 0.5% water. The vapor phase in equilibrium
contains 5.5 wt % water and separates into two phases after condensation. The water,
saturated with 2EH (0.1 wt %), is thrown away, and, the 2EH, saturated with water,

is returned to the still.

A bench-scale unit was constructed to provide the temperature-vs-composition
data in Fig. 28 and is being used to regenerate the 2EH used in development studies.
By distillation, the water content in the alcohol can be readily reduced to less than
0.1 wt %. The organic system, 2EH with Paraplex G-62 surfactant, was distilled and

reused for six runs with no apparent adverse effects.

3.1.3 Preparation of Thorium and Uranium-Thorium Carbide

The basic sol-gel oxide process was modified to prepare microspheroids of
carbides of thorium and uranium-thorium. The procedure used is outlined in Fig. 22.
It consists of 4 steps: preparation of the thorium or uranium~thorium oxide sol by the
sol-gel oxide process; blending high-surface-area lyophilic carbon into the sol; form-
ing the desired size of oxide-carbon microsphere sol drops, then setting them and
drying them to gel spheroids by extracting the water; and converting the carbon-
oxide to carbide spheroids by heating them in vacuum or under a slow sweep of argon

at 1450 to 1800°C.

Both thorium and uranium=thorium carbide samples having C/(U + Th) atom
ratios of 1 to 2.2 and U/Th atom ratios of 0.01 to 0.1 were prepared. Near perfect
spheres of Th- and U-Th-oxide~carbon were formed and dried in the laboratory drying
column (see Fig. 25) in batches of from 2 to 30 g (Fig. 30). These were strong enough
in most cases to permit subsequent handling with little breakage. Nearly complete
conversion was obtained by calcining the spheroids in vacuum at 1450 for 6 hr or
1750 to 1800°C for 1 hr. Complete conversion in that temperature-time range was
not achieved in flowing argon, probably because of poor contact between argon and

the spheres, but complete reaction was realized at 2000°C to 2100°C, at the reaction
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overpressure of CO in one-half to one hour. Some of the carbide spheroids were
coated with pyrolytic carbon, and a sample is shown in Fig. 31. The toluene densi-
ties of the carbide products varied from 70 to 95% of theoretical density as measured

by toluene or mercury displacement.

Thus, it may be stated that the feasibility of preparing carbides of thorium and
uranium~thorium by the sol-gel process has been established on a laboratory scale.
Future efforts will consist in optimizing each step and scaling it up to a remotely
controlled operation of pilot-plant size. A more detailed study of each step will be

presented in Section 4.

3.2 Effects of Irradiation on Thorium Oxide Fuels

While developing processes for preparing nuclear fuels and fabricating the fuel
elements, it is essential to conduct a continuing program for testing the effects of
radiation. In the thorium fuel cycle work, irradiation testing has been done on fuels
packed into tubes by vibratory compaction, on pellets, and on several dispersion-type

fuels composed of thorium and thoria.

3.2.1 Fuel Tubes, Containing Powdered Fuels, Vibratorily Packed

Postirradiation examination of a number of powder-compacted sol-gel and arc-

fused oxide fuels has been carried out as part of the continuing program.

A description of the fuel rods and a summary of the irradiation histories are
given in Tables 11 and 12, and the principal results obtained from postirradiation
examination are presented in Table 13. The results are presented below, grouped ac-

cording to the three series of tests.

NRX and MTR. — These tests compared such variables as fuel composition,

method of powder preparation, bulk density, shape of the fuel rods, heat rating, and
burnup. The most severe heat rating was 426 w/cm (calculated maximum instantaneous
value), in a specimen that achieved a burnup of 14,000 Mwd/metric ton (U + Th).

The corresponding value calculated for .{TC kd® was 46.0 w/cm.
)
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Table 11, Description of Vibratorily Packed ThO,-UO, Fuel Rods ~ Postirradiation Examination Completed

Oxide Vibrated Fuel Rod Dimensions
Fuel Rod Total Uranium® Particle  Density” (in.)
- . . y

Experiment Identification  1ype of Oxide (wt %) Cladding Size (% T.D.) Length O.D. Wall
MTR-I U-1 Arc-fused 3.9 304 SS e 85.7 11.3 0.314  0.025
Z-5 Sol-gel E 4.00 304 SS e 86.2 11.3 0.314  0.025

NRX-I X-1 Sol~gel A 4.31 304 SS e 87.0 10.6 0.314 0.025
X-8 Sol-gel A 4.31 304 SS e 86.5 11.2 0.314  0.025

0-3 Sol-gel B 4.39 304 SS e 86.5 10.6 0.314  0.025

0-5 Sol-gel B 4.39 304 SS e 86.2 11.1 0.314  0.025

H-3 Sol-gel B 4.39 304 SS e 85.7 10.6 0.314  0.025

NRX-II A-1 Arc-fused 3.96 304 SS e 85.5 22.5 0.314  0.025
A-2 Arc-fused 3.96 304 SS e 85.7 22.5 n.314  0.025

C-3 Sol-gel C 4,01 304 SS e 83.3 22.5 0.314  0.025

C-4 Sol-gel C 4,01 304 SS e 82.6 22.5 0.314  0.025

ORR Loop® L1A Sol-gel 26 5.35 304 SS f 85.2 21.5 0.460  0.015
L1B Sol-gel 26 5.35 Zircaloy«~2 f 84.1 21.5 0.460  0.015

L1C Sol-gel 26 5.35 Zircaloy-2 f 84.1 21.5 0.460  0.015

ORR Poolside? 03.5 Sol-gel D 2.50 304H SS e 84.8 7.01 0.626  0.020
06-5 Sol-gel D 2.50 304H SS e 85.5 7.00 0.624  0.020

FFully enriched (93%) in U235,
bTheoretical density = approx. 10.04 g/cc depending on precise composition.
®Three-rod bundle,
dCentral thermocouple in each specimen,
®Distribution A = 60 wt % — 10+ 16 mesh
15 wt % — 70+ 140 mesh
25 wt % — 200 mesh
‘Distribution B = 60 wt %—6+ 16 mesh
15 wt % — 50+ 140 mesh
25 wt % —200 mesh

[ —
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Table 12. Irradiation History of Examined Specimens?

ORNL DWG. 63-6401

Peak Linear

Peak Cladding

Maximum Burmup

Claddi Avg. External Heat Ratin
Fuel Rod Taem ng Vsres: erna : g Heat Flux Mwd y
Experiment os . p- ure Time Max : e — cc
p Identification (°C) (psia) A Time Avg.  Max lnst. Metric Ton —20
ve  Inst. (Bu/heft?)  (Bw/heft?) N\ (g, Th x 10
(w/cm) (w/cm)

MTR-I U-1 100 40 299 362 381,000 461,000 12,300 2.70
Z.5 100 40 341 426 435,000 544,000 14,000 3.08

NRX-I X-1 100 130 116 138 147,000 175,000 13,400 2.96
X-8 100 130 141 168 180,000 214,000 16,360 3.61

0-3 100 130 135 162 173,000 206,000 15,690 3.46

0-5 100 130 125 148 159,000 189,000 14,450 3.18

H-3 100 130 86 102 110,000 130,000 10,500 2.32

NRX-II A-l 100 130 132 138 168,000 176,000 3,170 0.69
A2 100 130 178 188 228,000 239,000 4,310 0.95

c.3 100 130 200 211 255,000 268,000 4,960 1.05

C-4 100 130 166 175 212,000 223,000 4,160 0.88

ORR Loop L1A 260 1750 381 389 330,000 337,000 1,600 0.34
L1B 260 1750 499 509 432,000 441,000 2,110 0.45

L1C 260 1750 410 418 356,000 363,000 1,730 0.38

ORR 03-5 705 315 304 337 194,000 215,000 5,220 1.13
Poolside 06-5 540 315 275 297 175,000 189,000 4,040 0.88

2Assume 185 Mev/fission.
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Table 13. Summary of Postirradiation Observations and Calculations

ORNL Dwg. 63-6403

Radijal Extent of Thermal

fkd@ For Various

fTC kdo Kr-85 Diametral Change Changes Thermal Effects?
. Fuel Rod T
Experiment o o Release Avg. Max ] ] Columnar Tog Tyin
Identification " pje Avg. Max Inst. (%) (in.) (in. Su;::n)ng Grain Growth fTo kdf T, kdo
(w/cm) (w/cm) (in.) (w/cm) (w/cm)
MTR-I U-1 33.1 40.0 2.4 +0.001 +0.001 -~ - - —
Z-5 36.8 46.0 0.5 +0,001  +0.003 - - - -
NRX.I X-1 16.5 18.5 2.2 +0.001 +0.002 - — - -
X-8 18.8 21.3 2.8 +0.001 +0.002 — - - -
0-3 18.1 20.6 3.6 +0.001 +0.002 - - - -
0-5 17.3 19.4 2.9 +0.001 +0.002 - - - -
H-3 13.8 15.2 1.6 +0.001 +0.001 - — - -
NRX-II A-1 18.0 18.6 3.5 —~0.001 —-0.003 - - - -
A-2 22,2 23.1 3.3 0.000 +0.001 - - - -
C-3 24.1 25.2 4.0 0.000 + 0.004 — - — -
C-4 21,0 21.3 Sample lost +0.001 +0.004 - - - -
ORR Loop L1A 46.5 47.4 2.3 +0.001 +0.004 0.154 - - 31.2
L1B 57.0 58.1 Failure 0.000 +0.009 0.160 0.060 54,2 35.4
Lic 49.6 50.6 3.9 0.000 +0.004° 0.130 - — 38.2
ORR Poolside 03-5 54.5 60.5 18.3 ~0.001 -0.009 0.260 - - 35.5
06-5 46.7 50.4 Gas lost 0.000 +0.002 b - - b

4Time-averaged value,

bSintering boundary could not be delineated.

®An indentation of 0.037-in. was observed above the Al,0, disk and is believed to have resulted from disintegration of the disk.

¥8
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For all rods, no bowing nor no significant changes in the dimensions were found.
Little microstructural change was exhibited as a result of irradiation (see Figs. 32 and
33), and there were no marked differences between the higher- and lower-heat-rated
rods. As determined by visual examination and sieve analyses (Table 14), the powder

had agglomerated; however, only slight interparticle bonding had developed.

Table 14. Sieve Analyses on Low-Heat-Rated Irradiation Specimens

Wt % of Total Retained”

Screen Size A-1 A-2 X-8
18 mesh 38.9 47.0 74.0
35 mesh 53.2 43.8 14.8
60 mesh 0.7 0.8 1.5
140 mesh 3.3 4.3 6.7
300 mesh 2.3 3.4 2.9
Pan 1.6 0.7 0.2

“Preirradiation particle size distribution: 60 wt % =10 +16 mesh
15wt % -70 +100 mesh
25 wt % -200 mesh

Fission-gas retention in sol-gel oxide was comparable to that in arc-fused
material (see Table 13). The variations in fission-gas release among the particular
types of sol-gel oxide could be accounted for by variations in the powders themselves,
especially in the surface area. Properties of all of the powders that have been tested

are summarized in Table 15.

As previously repor’red,]3 gas diffusion through irradiated, vibratorily compacted
fuel that has not sintered is sometimes poor. Qut-of-pile tests at ORNL have shown
that this behavior also exists prior to irradiation. This phenomenon will be investi-

gated further as part of a waterlogging study.









Table 15. Summary of Properties of Uranium=Thorium Oxides Used
in Fabrication of Completed Irradiation Specimens

Sol-Gel Sol-Gel Sol-Gel BSol-Gel Sol-Gel Arc Sol-Gel Sol-Gel
A B c® p* EY  Fused S Batch 26
Total uranium, wt % 4.31 4.39 4.01 2.50 4.00 2.96 5.00 5.35
Uranium enrichment, % 93 93 93 93 93 93 93 93
Carbon, ppm 110 100 60 40 130 120 70 40
Nitrogen, ppm 22 21 55 29 31 1130 40 13
Iron, ppm 100 50 265 140 160 130 333 215
Silicon, ppm 600 500 < 20 < 10 < 10 20 < 10 < 25
BET surface area (N, w®/g 0.20 0.26 0.03 0.008 0.011 0.11 0.15 0.047
0/U ratio 2.0 2.0 2.03 2.02 2.02 2.01 2.01 2.02
Volatile matter released 0.125 0.151 0.055 0.012 0.027 0.24 0.407 0.244
in vacuum at 1200°C, cc/g

Lattice parameter, A 5.591 5.592 5.593 5.593 5.594 5.594
Crystalline size, A 2400 1700 2200 1750
Particle density, g/ccb 9.94 9.92 9.76 9.97 9.92 10.11 9.86
Packed density, g/cc® 8.69 8.69 8.56 8.74 8.74 8.6 8.8

88

aCooled in pure argen after calcination in hydrogen.
bToluene intrusion, pycnometric method. Theoretical density: 10.04 g/cc.

°NAVCO air vibrator, 1/25-in. piston; 5/16-in.-0D X 1l-in. stainless steel tube.
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ORR Pressurized-Water Loop. — Examination of a Zircaloy-2 clad rod (LIB) that

failed has been concluded. This rod was in a trefoil cluster irradiated in a pressurized-
water loop operating at 1750 psi and 260°C. As shown in Fig. 34, the cladding was
completely destroyed in the failed area, but only the outer surface of the Zircaloy-2
support sleeve (in contact with the inner surface of the cladding) had corroded. This
observation suggests that internal hydriding from the evolution and reaction of volatile
matter was not the cause of failure. A reaction product (Fig. 34) that appears to be
hydride was observed, but it is suggested that hydriding and embrittlement did not oc-

cur as a result of normal corrosion.

Dimensional measurements revealed that this area swelled 9 mils. The change
in diameter was negligible elsewhere along the rod. Some thinning of the nominally
0.015-in. thin-wall cladding to about 10 mils was observed in the vicinity of this
area. For comparative purposes, a corresponding region from a similar rod (LIC) was
also examined metallographically, and no signs of attack were apparent. Based on
the above observations and an examination of the preirradiated cladding, it is believed
that failure was initiated by a fabrication defect in the cladding, such as an inclusion

or chemical inhomogeneity.

The three rods were sectioned and examined at the points of maximum burnup.
Sintering and equiaxed grain growth were observed in all three rods, but columnar
grains were apparent only in rod LIB. The radial extent of these changes is detailed
in Table 13. The "hottest" rod, LIB, also showed evidences of lenticular void forma-
tion and perhaps the commencement of a central void. Polished cross sections of these
rods are shown in Fig. 35 and radial composities of each of these rods are presented in
Fig. 36. It will be observed that the changes in microstructure are analogous to those

that occur in UO2'

Tsin
The kadO for sintering (average of three specimens) was calculated to be 17.4

w/cm £ 3.1 34 9w/cm ® 3.4 normalized to T ) The [ kgO for columnar grain
growth was 36.1 w/cm for rod LIB (54.2 w/cm normc:lnzed to To). The above are time-

average values for the peak burnup region. A comparable value for nonsintered UO2,
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cg
based on the average from previous loop experiments, is [ kde = 19.4 w/cm (time-
s

T

average peak value). The maximum instantaneous values are perhaps 30% closer, but
this is a rather significant difference in favor of ThOz-UO2 and is considerably better
than expected.

Instrumented ORR Poolside Capsules. — Diametral changes in the two high-

surface-temperature (540 and 705°C, respectively) ORR Poolside capsules were erratic
and varied from -1.7 to +2.3 mils for capsule 06-5 and from -9.4 to +3.3 mils for

capsule 03-5. Both capsules decreased in length by about 0.1 in.

Initial examination revealed what was thought to be a reaction layer in the type
304H stainless steel cladding of capsule 03-5 at the fuel-cladding interface (Fig. 37);
however, subsequent examination showed that the layer is merely an area of small,
recrystallized grains. The precipitate in the stainless steel has the appearance of

carbides.

To the extent that a grain size of 15 p could be measured, sintering was ex-
hibited in the specimen that operated with the lower surface temperature (540°C).
The other element, which ran at a 165°C higher surface temperature and 480°C higher
central temperature (1925°C), sintered across 7/8 of the radius. In addition, the grain
size increased from 15 p at the sintering periphery to about 500 p at the center (ad-

jacent to the axial thermowell). Radial composites of the two capsules are shown in

Fig. 38.

The calculated value for the fTTsin kd® in capsule 03-5 was 35.5 w/ecm. No
value could be calculated for 06-5 because the sintering boundary was not clearly
delineated. Fission~gas release from the fuel in capsule 03-5 was relatively high
(viz., 18.3%), but this specimen ran at a high surface temperature. Unfortunately,

the gas sample from capsule 06-5 was lost.

Effective thermal conductivities have been calculated for these capsules and
are listed in Table 16 with some values from the literature for pressed and sintered

bodies of ThO2 and ThOz-IO% U02+x' The ORNL values are somewhat lower than

originally repor’red,]2 but they are still higher than initially envisioned for this type
of fuel body.
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Table 16. Thermal Conductivity of Thoria-Base Fuels

Te:;:rffiie Thermal Conduc’;ivit);q ]

Source Composition (°C)  (°F) (w/cm-°C) (Btuhr ft °F )
ORNL (06-5) ThO,-2.9% UO, 990 1815 0.021° 1.20
ORNL (03-5) ThO,-2.9% UO, 1325 2415 0.017° 1.00
Kingery® ThO, 600 1112 0.046 2.66
Kingery® ThO, 800 1472  0.036 2.08
Kingery" ThO, 1000 1832  0.033 1.91
Kingery" ThO,=10% UO,, ~ 600 1112 0.032 1.87
Kingery" ThO,=10% UO,, ~ 800 1472 0.029 1.66
Kingery" ThO,-10% UO,, ~ 1000 1832  0.025 1.44

“Data corrected to same density as vibrated ThO_-2.9% UQ,,, using the re-
lationship km =k, (1-P), where P = pore volume fraction, k is the“measured con-
ductivity, and kf is the value corrected to theoretical density.

bqued on flux calculated from burnup measurement.
°W. D. Kingery, J. Am. Ceram. Soc. 4 (12), 617 (1959).

3.2.2 Sol-Gel-~Derived ThO2-292

It is clear from results previously reporteol]2 and those that have just been de-
scribed that sol-gel ThOZ-UO2 is a suitable fuel material for power reactor applica-
tions. Indeed, its irradiation behavior is comparable or superior to that of arc-fused
ThOZ-UO2 and to that of U02 in general. There are probably three basic reasons
for this stability: (1) ThO2 has a melting point about 500°C higher than that of UOZ’
and a comparable thermal conductivity. (2) ThOz, like UOZ' has a fluorite-type
crystal structure. Th02 and U02 are mutually soluble and form a series of continuous

solid solutions. (3) Sol-gel particles are dense, free of cracks, and of high purity.
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It has also been observed that the thermal behavior of the mixed oxide, gener-
ally, is analogous to that of UOZ’ the principal difference being that the induced
microstructural changes occur at a higher heat rating for ThO2-UO2. Some varia-
tions were observed for the several types of sol-gel tested, variations that could be

attributed to differences between the powders in composition, surface area, porosity,

efc.

in addition to the typical changes described above, there are some unique and

2-U02. One is the varia-

tion in darkness, and presumably porosity, within certain irradiated particles (Fig. 39)

subtle microstructural features associated with sol-gel ThO

that had not sintered or recrystallized. This phenomenon has been observed in oxides
irradiated in the MTR, NRX, and in the lower temperature ORR poolside capsule. In
part, it must represent the pulling out of crystallites during metallographic polishing,
which indicates a decrease in grain-boundary integrity. There is no pattern to the

intraparticle density alteration.

Another interesting characteristic of irradiated sol-gel oxide is the appearance
of a globular second phase in the pores (Fig. 40). It has not been possible by optical
microscopy to resolve a phase in the fine porosity seen in the unirradiated fuel. This
phase is not similar in appearance to the whitish inclusions that are randomly scat-
teredin sol~gel oxide in small quantity, nor to the white second-phase precipitate
found in significant quantity in arc-fused oxide. It is hoped that electron micro-

scopy, x-ray diffraction, and selective etching will help explain these phenomena.

Still another interesting observation is the formation of equiaxed grains within
individual sol-gel particles at sufficiently high heat ratings (see Fig. 36). Unirradi-
ated sol-gel oxide appears to be an agglomeration of very fine crystallites, with
minute pores throughout the particles. It has not been possible by etching to develop
a grain structure in this material that is visible at 1000X. However, while the out-
side contours of certain individual particles remained practically unchanged by the
irradiation, intraparticie recrystallization resulted in an equiaxed structure of en-
tirely new appearance and led to an increase in grain size. There were also the

usual isolation and spheroidization of pores which occur during sintering.
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Two other characteristics of vibratory-compacted oxide fuels are their affinity
for adsorbed gases and particles embedding in the cladding. As indicated in Table 15,
significant quantities of gas are sometimes present in the sized fuel. It has been found
with sol-gel material that the comminuted and sized oxide releases 5 to 10 times as
much of the absorbed gas as the calcined gel, but this might simply be a particle-size
effect. It may be possible to reduce the quantity of gas absorbed by comminution of

the gel before calcining.

With regard to the problem of embedding particles in the cladding (see Fig. 41),
this is an infrequent occurrence. In thin-wall claddings, though, this could be bother-
some, and adequate inspection will be required. One positive aspect of vibratory
compaction, perhaps not appreciated, is that there certainly appears to be intimate

contact between the fuel and cladding, which is favorable for heat-transfer.

As has been observed with UOZ' columnar grains were formed in the sol-gel
ThO2—UO2 without any evidence of melting. MacEwan and LOWSOI"I]4 showed by
means of a thermal simulation apparatus that applying a steep thermal gradient in
UO2 induced columnar grain formation at temperatures well below melting. The

columnar growth is generally attributed either to the vapor deposition of material on

the cold side of migrating lenticular voids or tograin boundary migration.

It can be observed from an analysis of Table 13 that there are inconsistencies
in the Jkd® values calculated for a specific physical change to occur. For example,
whereas it was calculated that sintering occurs at about Jkde =35 w/cm, no such
change was apparent in fuel rods U-1 and Z-5. It should be noted that there are
inherent errors in measuring structural changes, increasing in the order: central
void formation, columnar grain growth, and sintering. It is especially difficult to
demarcate the radial position at which sintering begins. Another acute problem in
this method arises when one normalizes the values for different experiments to
TS = To = 0°C. This is necessary for comparative purposes, but it introduces a
potentially significant error when one estimates average thermal conductivities for

temperatures between To and Ts' This is more of a problem in the case of ThOZ-UO2
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than with uo, because the thermal conductivity of the latter is far better docu-
mented. Still, in spite of its limitations, the parameter JKdo serves as an important
ball-park number to indicate the thermal severity to which a fuel was exposed. In

the case of the loop experiment, for example, it clearly demonstrated that ThOz-

6.1% U02 was more refractory than nonsintered UO,, fuel previously irradiated in

2
the loop.

Current [rradiation Program. — Table 17 summarizes the experiments that are

in progress or that have been removed from the reactor but not examined. These test
elements performed satisfactorily. The series of rods most recently inserted in the -
MTR and ETR are operating at heat ratings well above those heretofore examined and
also will test the effects of the sol-gel calcining atmosphere on irradiation perform-

ance. Central melting is anticipated in the ETR-1 fuel rods.

3.2.3 Fuel Rods Containing Pelleted Oxide Fuel

The Power Reactor Fuel Reprocessing Irradiation Program was started several
years ago at ORNL to provide irradiated fuel for dissolution studies. Subsequently,
UO2 and Th02—4.45% U02 pellet specimens have been irradiated in the MTR, ETR,
and NRX to burnups at least as high as 95,000 Mwd/metric ton to metal.

At the time of inception, there was no intent to evaluate the performance of
the fuel per se. However, in view of the interest in thorium-bearing fuels at ORNL, .
and in high-burnup fuels in general, it was decided to examine several of the irradi-
ated ThO2—U02 fuel rods and learn as much as possible about their behavior. Three
such rods have been examined to date.

The design of a typical rod is illustrated in Fig. 42. Basic design parameters

are summarized in Table 18. The fuel was Th02—4.45% (93.2% enriched) UO,, pel-

2
lets, clad in type 304 stainless steel. The pellets were prepared by an outside vendor.
Sample pellets ranged in density from 90.8 to 93.8% of theoretical density, with an

average of 92.5%.
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ORNL DWG, 63-6402
Table 1. Summary of Fuel Cycle Irradiations Under Examination or In-Pile?

Average : : Linear Target
- . 1 . . . Vibrated Clad Extemil Fuel Rod Dimensions Heat Peak Bumup
pren_r;linta CN0~ CI gp?do Density Temp. pregqure Length OD  Wall Rating (Btu (Mwd/Metric Ton  Status
acility  Capsules  Oxide (D) (°F) oy Gn) () Gn) pelfel)  Metal)
MTR 5 Arc-fused, 86 to 87 ~200 40 11 0.312 0.025 45,000 35,000 to 3 in-pile
Group I Sol-gel E 100,000 2 being ex-
amined
MTR 2 Sol-gel S 88 to 89 ~200 40 22 0.312 0.025 62,000 22,000 to In 1-2-63
Group 1II 100,000
MTR 6 Sol-gel 35 86 to 89 ~200 40 12 0.438 0.025 85,000 22,000 to 4 In 10-63
Group I1I (air-fired, 100,000 2 In 12-63
Nz-fired,
H,-Ar fired)
ETR 4 Sol-gel 35 86 to 89 ~200 170 12 0.438 0.025 >100,000 22,000 In 11-63
Group 1 (air~fired,
N, -fired,
H,-Ar fired)
NRX 6 Sol-gel S 88 to 89 ~200 130 39 0.312 0.025 28,000 23,000 Being ex-
Group 111 amined
NRX 3 Sol-gel 74 to 76° ~200 130 11 0.312 0.025 27,000 22,000 Being ex-
Group III ThOZ-PuO2 amined

®Fuel = ThO,-UO, except for three ThO,-Pu0,-bearing capsules (NRX-Group III).
Cladding = Type 304 stainless steel.

bpacked by tamping.

¥0l
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Representative chemical analyses are given in Table 18. As indicated, the
aluminum, silicon, and calcium contents were high, presumably present as A|203,
SiOZ, and CaO, respectively. [t is believed that these impurities were picked up

during the boll-milling.

Toble 18. Pertinent Design Specifications of Thoria-Urania Pellet
Irradiation Specimens

Overall length, in. 4.5
Active length, in. (less insulating plug, if required) 3.5
Pellets per tube 7
Pellet diameter, in, 0.260
Pellet length, in. 0.500
Pellet density, % of theoretical 91-94
Tube, outer diameter, in. 0.3125
Tube wall, in. 0.025
End-plug length (each of two), in. 0.4375
Weight of fuel material per tube (no end plugs), g oxide 31

Microstructures of a T|102-UO2 pellet are shown in Fig. 43. There appear to

amount of randomly dispersed, bright, metallic particles; and (3) an appreciable

be three distinct phases: (1) the solid-solution matrix of ThO 2) a small
quantity of a glassy-like impurity phase concentrated at the grain boundaries. In

addition to the secondary phases, pores may be readily observed.

Three of the fuel pins that were irradiated in MTR or ETR process water have
been examined. Pertinent reactor-operating conditions and calculations are sum-
marized in Table 19, The salient features of these experiments are that, although
the cladding temperature was low, the fuel operated at heat ratings equivalent to
those in power reactors, and the burnups ranged from 40,000 to 95,000 Mwd/metric
ton of metal, burnups rarely obtained in in-pile exposures. The specimens performed

without incident.






Table 19. Results of Vendor's Chemical Analysis of Samples Taken

From Pellets

U, wt % 3.93
UO2’ wt % 4.46
Th, wt % 83.464
ThOz, wt % 95.17
Al, ppm® <350
Fe, ppm <50
Sn, ppm 50
Si, ppm <100
Cr, ppm 40

P, ppm <50
Caq, ppm0 <10

<:|SuE>sequent analyses at ORNL indicated that the Al and Ca contents were
more probably 1000 ppm and 300 ppm, respectively.

The postirradiation evaluation is about 80% complete. Two of the pellet rods
showed no degradation as a result of the irradiation; the third, fuel rod 43-44, ex-
hibited an axial cladding defect that extended about a fourth through the cladding.

Dimensional changes were insignificant for all three specimens.

Each of the rods was punctured and sampled for fission gases, but a valid
sample was obtained for rod 43-40 only. lts calculated release was 15% of that

theoretically generated.

Examination of the interior of the capsule revealed that no pellets were intact,
and radial and transverse fractures were observed in every pellet. However, this is
typical of oxide fuels, Each pellet was fractured into several pieces but did not fall
out of the cladding during sectioning. No evidence of fuel-cladding reactions,

central-void formation, or sintering was observed.



108

Table 20. Irradiation Operating Data for Pellet-Loaded Capsules
43-40, 43-41, and 43-44

Capsules
MTR 43-40 MTR 43-41  ETR 43-44

Irradiation starting date 5-12-60 6-23-60 6-4-60
Irradiation discharge date 9-17-62 4-2-62 11-26-62
Reactor power, Mwd 26,400 19,874 71,078
Full-power days 660 497 406
Surface clad temperature, °F ~200 ~200 ~200
Maximum advertised unperturbed 29 21 21

flux, nvt 1.13 x 10 7.15x 107 588 x 10
Maximum burnup, Mwd/metric ton

of metal 95,000 42,000 50,000
Peak linear heat rating,” Btu hr™| £t~ 47,800 28,100 41,000
Peak surface heat flux,” Btu hr_] Ff-z 586,000 344,000 502,000
Peak heat-generation rate,” w/cc 1310 770 1120
Peak integral of kd,” w/cm 36.5 21.5 31.3
Centerline temperature 2500 1560 2180

(assuming effective k =1.7,

121 fuel
Btu hr ft °F ), °F

a . .
Calculated, time-averaged value. Peak refers to maximum burnup area.

Gamma heating is not included.

Metallography confirmed that there had been no columnar grain growth or

void formation. It appeared that the glassy, grey phase had gone into solution

toward the center of the fuel. Compatibility between the fuel and cladding was

excellent. The crack in the cladding of capsule 43-44 was transgranular and ap-

peared to contain an oxide.

Plans have been made to conduct x-ray diffraction analyses on the metallo-

graphic samples from capsules 43-40 and 43-44, This work is scheduled to be done

early in 1964,
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3.2.4 Thorium-Base Alloy Fuel

Irradiation testing of thermocouple-instrumented NaK-filled capsules contain-
ing Th-U-Zr alloys is in progress in General Electric Test Reactor's (GETR) radially
adjustable facility tubes (RAFT). The use of RAFT positions theoretically permits close
control of temperatures by movement of the capsules in a variable flux field as re-

quired. To date, a number of experimental difficulties have been encountered.

The capsules were designed and made by Advanced Technology Laboratories
(ATL). A schematic of the assembled capsule is presented in Fig. 44. Each capsule
contains a stack of ten 1/2-in.~diam x 1-1/2-in.-long pellets. Three alloys in two
heat treatments (see Table 21) are included and are based on an alloy development

[
program performed by ATL. >

Six capsules were made, consisting of three each in two groups designated as
ATL-2 and ATL-3. The two series of capsules differ only insofar as the ATL-2 speci-
mens have a thicker ZrO2 insulation layer than the ATL-3 specimens. The ATL-2
capsules were designed to operate with a fuel-surface temperature of 650°C and an
axial temperature of 760°C; the ATL-3 capsules were designed to perform with fuel-
surface and central temperatures of 700 and 825°C, respectively.

The purpose of the experiment is to demonstrate whether the Th-U-Zr alloys,
which possess improved elevated-temperature strength compared with Th-U <:1l|oys,]2
have sufficient resistance to radiation~induced swelling at the operating temperatures.
The objective is based on the appraisal of an AEC task force!® in 1959 that, to pro=-
vide low fuel-cycle costs, Th-U alloys capable of operating at central temperatures
of 835 to 1085°C were required. The range of temperature selected for the irradia-

tion experiment is expected to straddle the threshold temperature at which swelling

might occur.

Initially it was decided to irradiate the group ATL~3 capsules to burnups of
10,000, 20,000, and 30,000 Mwd/metric ton of fuel, respectively. The capsules
were identified as 3-1, 3-2, and 3-3. Capsules 2-1, 2-2, and 2-3 were held in

reserve. The status of the irradiations is as follows:
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Table 21. ATL Specimens: Composition and Heat Treatment

Specimen
Code Alloy Composition Heat Treatment
1-A° 90% Th—10% U Solution heat treated 3-1/2
hr at 1320°C, helium
quenched, annealed
2 hr at 850°C
I-B° 90% Th—10% U Annealed 2 hr at 850°C
) II-Ab 88% Th—10% U—2% Zr Solution heat treated 3-1/2
hr at 1320°C, helium
. quenched, annealed
2 hr at 850°C
ll—Bb 88% Th—10% U—2% Zr Annealed 2 hr at 850°C
Ill-Ab 85% Th—10% U—5% Zr Solution heat treated 3-1/2
! hr at 1320°C, helium
; quenched, annealed
‘1 2 hr at 850°C
III-Bb 85% Th—10% U—5% Zr Annealed 2 hr at 850°C

a .
One specimen per capsule.

Two specimens per capsule.

Capsules 3-1 and 3-3 were installed in the GETR in June 1963. Capsule 3-1
y remained in-pile for about two months, at which time its irradiation was permanently

terminated because most of the eight thermocouples had failed. Capsule 3-3 was

irradiated for an additional two months and performed without incident until it was

temporarily discharged. The capsule now is in storage in the GETR pool. The reasons

for its removal from the reactor are discussed below:

“ Capsule 3-2 was placed in-pile toward the end of August. Its insertion had

been delayed because the bottom weld was faulty and had to be repaired. The dura-
tion of exposure for this specimen was only one week, owing to a leak in the aluminum
cladding. Subsequent hot-cell examination showed that the leak was caused by a

. crack in the top weld.
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Capsule 2-2 was inserted at the same time as 3-2 in order to serve as a sub-
stitute for 3-1. This specimen was irradiated at the lower temperatures for over two
months and behaved well. It was removed from the GETR simultaneously with cap- |

sule 3-3 and is in temporary storage also.

As indicated, capsules 3-1 and 3-2 were transferred from the GETR to the
Radioactive Materials Laboratory for postirradiation examination. White film pat-
terns were observed over large areas of the outside surfaces of both flow-deflector
tubes. The capsules were removed from the deflectors and were found to have sus-
tained appreciable bowing, which presumably caused them to stick to the deflectors.
When this was observed, capsules 3-3 and 2-2 were indefinitely removed from the
reactor until it can be ascertained whether it is safe to operate them in the bowed
condition. General Electric is presently conducting tests and analyses to evaluate

this.

When capsule 3-1 was disassembled, it was found that the lower portions of
the fuel-pellet column, fuel-basket thermocouples, and stainless-steel containment
tube had melted. The available evidence suggests that overheating had occurred

because of erroneous thermocouple readings.

The interior of capsule 3-2 also was visually examined, and there were no

changes apparent as a result of the one-week irradiation.

Capsules 2-1 and 2-3, which failed to pass a leak check, will be repaired so
that at least one of them can be irradiated. To minimize bowing, the interior of the .

flow deflector will be ribbed.

3.3 Development of Vibratory~Compaction Method |

A major problem in obtaining high bulk-fuel densities in powder-packed rods
is in optimizing the vibration energy delivered to the fuel tube. A study was
initiated to find generalized rules that will lead to a simple prescription for vibra-
torily packing oxide fuels to high bulk densities. Some of the initial results ob-
tained for fused and ground UO2 packed into type 304 stainless steel tubes (42 in.
long x 0.5 in. OD x 0.035 in. wall) are presented below. |
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For these initial experiments, the vibration energy sources were an MB electro-
dynamic shaker and a Branford variable-impact vibrator (VIV). The electrodynamic
shaker generates a pure sine wave over a frequency range of 0 to 3000 cps and is
limited to a maximum acceleration of 100 g. On the other hand, the VIV produces
a mechanical pulse exceeding acceleration levels of 20,000 g. The pulse-repetition
rate is variable between approximately 1 to 400 impacts per minute, and the pulse

width at half maximum is approximately 25 psec.

3.3.1 Results of Experiments

The experimental approach followed in this study was first to optimize the pro-
cedures for packing with the electrodynamic shaker and then to compare the electro-
dynamic shaker with the Branford VIV. Several basic modes of operation are available
with the electrodynamic shaker. These are: (1) constant frequency and constant ac-
celeration level, (2) continuously varying frequency and constant acceleration level,
and (3) continuously varying frequency and varying acceleration level. The mode of
operation in (3) is difficult to reduce to a simple prescription and depends greatly on
the operator's attention to several controls. This mode is also most likely to result
in damage to the shaker and therefore was discarded early in the program because the

results did not warrant further study.

Some of the results obtained for operation in mode (1) are shown in Figs. 45 and
46, The plots inFig. 45 show that bulk density is a slowly varying function of acceler-
ation level and that there is a small frequency dependency. The data obtained in
Fig. 46 show the frequency dependency at a fixed acceleration level of 60 g and a
small time dependence. This mode of operation is not considered to be optimum be-

cause the maximum bulk density obtainable was only 85% of theoretical.

Figure 47 shows the results for operation in mode (2). The frequency sweep is
automatically performed and is relatively simple to set into the equipment. This plot
shows that the maximum bulk density was obtained by cycling the frequency between
300 and 1000 cps for 10 min while maintaining the acceleration level constant at 60 g.

It was also found that the bulk density was not sensitive to the total time (5 to 15 min)
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or to the sweeping range, provided that the resonance frequency of the loaded tube is
included in the range. Fast sweep rates yield higher bulk densities than slow ones
because the slower rates allow a longer resonance excitation which leads to de-
densification. The resonance frequency for the 42-in.~long tube used in these experi-

ments is about 650 cps.

3.3.2 Method Adopted

The compaction procedure derived from the above experiments is summarized

below:

1. Load tube with material at 8 g and 300 cps.

2. Vibrate at 20 g and 300 cps for 2 min.

3. Sweep between 300 and 2800 cps at 40 g for 2 min.

4. Increase acceleration level to 60 g and continue for additional 12 min. This
procedure was used in the comparison experiments with the Branford VIV, which was

operated at 40-psi chamber pressure and 370 impacts a minute.

Figure 48 shows the results of packing ternary particle-size distributions first

on the electrodynamic shaker and then on the Branford VIV.

Separate experiments with only the Branford VIV showed that the same end
results could be achieved for the same time the Branford VIV was applied as indicated
in Fig. 48. That is, the data points in Fig. 48, for the Branford VIV are independent

of the prior compaction obtained on the electrodynamic shaker.

From these experiments it appears that energetic mechanical pulses yield higher
packed densities than the low-energy pure sine wave. This information is being used

to develop low-cost shakers operated pneumatically.

3.4 Permeability of Vibratorily Compacted Fuels: Waterlogging

The vibratory packing of loose oxide fuels into suitably dense systems within
fuel rods, and the adaptability of the process to remote operation, make the method

attractive for making thorium-based fuels. Reported in-reactor failure of a few fuel
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compc:lcts,]3 presumably ccused by the entrance of water through a cladding defect
during zero or low-power operation followed by expansion of the water upon increas-
ing reactor power, showed that the mechanism of this type of failure must be ade-
quately understood in order to minimize or eliminate such failures. (Water imbibition

in a fuel is known as waterlogging.)

The permeability of these fuels is of interest because of its relationship to water-
logging. High permeability and low void volume in the compact facilitate the release
of water from a waterlogged fuel element during reactor startup. Conversely, if the

fuel were impermeable with no accessible voids, waterlogging could not occur.

Present studies are concerned with the quantitative relationship of surface areaq,
degree of approach to theoretical density, and permeability of the fuel to water-

logging susceptibility of Kilorod type fuel elements.

3.4.1 Results of Experiments

The measurement of permeability consists in measuring the flow through a porous
permeable sample under controlied conditions. The resulting data are reported in the

form of a permeability coefficient:

- e o o _ flow (viscosity) ,
permeability coefficient =k = rate  Tarea) pressure
length

applicable to incompressible fluids. Suitable corrections allow for the compressi~
bility of gases as working fluids, but, in high-density compacts, data points at several

pressures must be taken to eliminate slip-flow effects.

In the absence of any surface interaction between the fluid and compact, the
same calculated coefficient will be obtained, whether the working fluid is a liquid

or a gas, if the data are taken in the viscous flow region.

To obtain the data, experimental permeabilities were obtained for tubular
samples of compacted sol-gel oxides by measuring the flow rate of gases (argon and

air) and liquids (water, methanol, benzene) under known pressure gradients at various
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temperatures. The pressure gradient for liquid flow was provided by regulated air
pressure applied to a calibrated pipette containing the liquid. Flow rate was calcu-
lated from the displacement-time plot. Gas-flow measurements were taken with the
gas pressure as the driving force, and the flow rate was calculated from the time re-
quired to replace a known liquid volume with the exhausted gas at room pressure.
This value was then corrected to the mean pressure within the sample and plotted as

shown in Fig. 49 from data in Table 22.

Two sets of samples were prepared for the experiments reported here. Six sam-
ples were sol-gel oxide packed into 7/16-in.-OD stainless steel tubes from two sieve
fractions; the packed length was about 15 cm. Table 22 contains the initial results

from these samples.

Table 22. Observed Permeabilities for Samples of the Same Mixture
at Various Packed Densities

Sample  Packed Later Values - Water
Code® DenSifyb Water Air (Subscript indicates order)

i 883  0.24x10°  1.99x 107

2 88.0  0.30x 107 1.54x 107 0.62 x 103

3 88.4  046x 100  438x107° 0.37 x 1033

4 846  045x10°  158x 107 0.95x10;°  1.6x103°

5 85.3 0.59x 107 11.7x 107 3.83 x 1053

69 84.6 0.70 x 107 -

YAl samples from sol-gel oxide (65%, 6/16 mesh; 35%, -200 mesh)
% of theoretical

“Values in Darcy (multiply by ~]0—8 for cgs units)

2 . .
dBET surface area = 0.26 m”~/g; similar measurements not available on other
samples.
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Five other samples were prepared in 0.43-in.-ID stainless steel tubes that con-
tained a porous, sintered filter at one end. These samples had a packed length of
about 14 c¢cm and were prepared from various size fractions of sol-gel oxide. Table 23

summarizes data from these samples.

Table 23. Gas Permeabilities for Various Size Fractions and Packed Densities

a Gas Surface
Sample  Packed Permeability Area (BET) Size
Code  Density (Darcy) (mz/g) Fraction
b -4
A 89.6 2.84 x 10 0.37 45% 6/16 mesh
25% 16/50
B 90.6 b3 82 x 1074 0.42 15% 50/140
15% - 140
b -3
C ~87 4.43 x 10 0.28 65% 6/16 mesh
35% - 200 mesh
c -2 .
D 82.9 6.5x 10 (d) No fines
Smaller than
325 mesh
a -3 .
E 86.5 5.16 x 10 (d) No fines
Smaller than
325 mesh

99, of theoretical

bArgon

C

Air
d .
Not yet available
The large differences between liquid and gas permeabilities recorded in Table

22 were unexpected; however, later data indicate that probably two mechanisms are

responsible.
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The fact that the system isheterogeneous(mixed size fractions) allows many
interstitial volumes, and the packing is not as dense as the bulk density indicates.
The fine particles from these volumes are transported by the flowing liquid to nearby
crevices where they pack to a higher density and restrict the flow. The result is a
smaller value for apparent permeability. This effect is not observed with gas flow

since the low-density gas will not transport the fines.

The second mechanism results from the surface properties of the oxide. The
highly charged surface and small flow passages cause a streaming potential which
appears as a backpressure phenomenon. This appears as a lower apparent permeabil-

ity to liquid flow. The low dielectric constant of gases keeps this effect minimal.

Evidence supporting the second mechanism is shown in Table 24 and Fig. 50.
These data were collected in a continuous set. That is, after initial saturation of
the compact, it remained full of liquid. Water was the initial fluid, followed by
methanol and benzene. It was felt that this approach would minimize further trans-
port of the fines after initial saturation. In general, these data demonstrate the
probability of a surface effect, since the apparent permeability increases with de-
creasing dielectric strength at constant temperature. The decrease in apparent
permeability with temperature may be due to the increased combined specific con-
ductance of the liquid and surface of the porous medium. This is suggested by an
equation developed by Scheideggerwfor a simple capillaric model. This evidence

is not unequivocal but seems too specific to be entirely fortuitous.

Evidence for the first mechanism is more specific. Gas-permeability values
are the same for a sample when taken before liquid saturation and after subsequent
drying of the sample, whether by vacuum drying at 100°C or merely by passing
room-temperature air through the sample. The indicated surface area of the material
(according to Carman's technique]8) is much lower than the surface area determined
by the nitrogen adsorption method. This may be assumed to be due to bridging of the
larger particles, which makes the fines noncontributors to the gas permeability. The

final evidence for fines transport is the inability to reproduce a liquid permeability
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value on a sample that has been adequately dried, although the reproducibility is

fairly good as long as the sample remains wet.

Table 24. Effect of Dielectric Constant and Temperature on
Observed Permeability

All data from Sample 2, Table 1

Permeability Constant
Observed Dielectric Temperature
Fluid (Darcy) (Nominal) (°C)
-4
Water 6 x 10 80 25
Methanol 9x 1074 33 24
Benzene 10 x 10_4 3 25
Air 15 x 1074 ] 25
-4
Water 4.5 x 10 73
Benzene 7 x 10-4 74

3.4.2 Conclusions

The evidence for fines transport plus the fact that all samples examined thus
far are in the intermediate range of permeability for water indicate that waterlogging
upon failure of the cladding would present a problem under reactor conditions. Con-
tinuing studies will attempt to derive the quantitative relationship between perme-
ability, surface area, and void fraction to waterlogging susceptibility and failure

and to develop techniques to minimize such failure.

3.5 Pellet Fabrication

Powders prepared from calcined gel oxides are poorly suited to standard

ceramic fabrication methods. Pellets made from this material result in structures
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having poor strength and low density due to the high density and low surface activity
of the individual powder particles. Sintering characteristics of the calcined gel oxide
would be greatly improved by an extreme reduction in particle size (to approximately
1 to 2 u), by blending lubricants and binders into the powders, and by using high
forming pressures. These practices, however, are not well suited to remote fabrication.
In another approach, a study was started on fabricating the gel in the uncalcined or
low-temperature-calcined state. Pellefs have been made from materials calcined at
temperatures ranging from 150 to 700°C. Bulk densities of the pellets, up to 92% of
theoretical, have been obtained when sintered at 1450°C, but they do not press well.
The hard, abrasive particles dragging on the die wall during forming cause a patchy
skin formation of uneven densities, which are reflected in surface-shrinkage tears
during sintering. In addition, the evolution of large amounts of gases causes gross
cracking. Efforts to improve the quality of these pellets are based on micronizing the
gel oxides, using isostatic forming methods, and carefully controlling the heating rates

during sintering.

3.6 Thorium Metal Fuels

In addition to the studies based on the sol-gel process for thorium oxide fuel
preparation, a continuing effort has been carried on in thorium metallurgy. The prin-
cipal effort has been on a study of ways to increase the high temperature strength of

thorium metal,

During the past year, effort has been devoted to increasing the strength of
thorium metal at elevated temperatures by dispersion hardening. In dispersion
hardening,a finely divided refractory, nonreactive material such as a metal, a fine
oxide, or other compound which will be stable, that is, one that will not go into
solution or agglomerate into larger particles, is added to a metal. An example is
the dispersion of A|203 in aluminum, which has been found to increase the creep
strength of aluminum, even at temperatures approaching its melting point, to a

greater extent than does alloying.
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In order to achieve dispersion hardening in thorium, it is necessary to develop
methods for making a fine thorium metal powder having an average particle size of
less than 1 p. The finely divided metal may then be blended with an equally fine
refractory powder such as ThOz. Two approaches were studied to produce the finely
divided thorium metal. One was the conversion of thorium metal to thorium hydride,
which is a friable compound that can be ground to a fine powder and then converted
to the metal. The other was the grinding of calcium~reduced metal powder using
various grinding aids. As reported previOusly,]9 the effects of length of ball-milling
time of thorium hydride on particle size and the hot-hardness of hot-pressed compacts

containing Th-10 vol % ThO,, were studied. The compacts were extruded and hot-

hardness tests indicated that 5 milling time of 24 days gave the highest hardness at
all temperatures. Subsequent stress-rupture tests at 800°C on the extruded Th-10 vol
% ThO2 compact milled for 24 days indicated that the creep rate for dispersion-
hardened thorium is from 3 to 6 times smaller than that reported for the strongest arc-

20

melted alloy “~ at the same stress levels and temperatures.

Efforts were made to convert commercial calcium-reduced thorium powder di-
rectly to a fine powder to eliminate the hydriding and dehydriding operations. Ball
milling of the powder alone was not successful because of the tendency of thorium to
weld to itself. The use of grinding aids such as alcohol, heptane, and stearic and
oleic acids did yield fine powders. However, because of the extreme reactivity of
thorium, the aids reacted with the metal to form thorium carbide and other compounds.
With alcohol, an unstable compound was formed, exploding violently upon being dis-
turbed. Because of these adverse results, no further work was undertaken on the

grinding of metal powders.

The strengthening of thorium by a combination of alloying and dispersion
hardening was attempted by the addition of 10 vol % Th02 to alloys containing
2 and 5 wt % Zr. The alloys were prepared by ball milling thorium and zirconium
hydrides for 24 days, hot pressing, and extruding. Hot-tensile-strength test results
shown inTable 25 indicate that additions of ThO2 to the thorium-zirconium alloys

caused a decrease in strength rather than an increase.
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Table 25. Thorium=Zirconium Alloy Tensile-Strength Tests at 800°C

Ultimate Yield
Tensile Strength Strength Elongation

Alloy (psi) (psi) (%)
Th-2 wt % Zr 5300 4245 55
Th-2 wt % Zr— 5190 4810 16.5

10 vol % Th02

Th=5 wt % Zr° 4570 No yield 0.4
Th-5 wt % Zr- 2385 2210 5.0

10 vol % ThO2

a
Average of two tests

Another alloying element that has shown promise in strengthening thorium is
indium. However, both arc and induction melting of thorium~indium alloys into
forms suitable for fabrication has been difficult because of the high volatility of
the indium. To alleviate this, powder~metallurgy procedures were used to prepare
a series of alloys containing 2, 3, 4, and 5 wt % In. The indium, although very
malleable, was converted to powder by ball milling in alcohol. It was then blended
with calcium-reduced thorium powder. The mixture was hot pressed under a partial
pressure of argon, homogenized at 1000°C and extruded at 900°C. Table 26 gives

the results of tensile-strength tests at 800°C on the alloys.

From these tests it is seen that both strength and ductility of the alloys are

optimum at 5 wt % indium—the highest indium content studied.

In order to determine the optimum oxide content for dispersion hardening of
thorium, a series of mixtures containing 4, 7, 10, and 13 vol % ThO2 were prepared
by milling thorium hydride and ultrafine ThO2 for 24 days. The powders were
blended, hot pressed, and extruded. The results are given in Table 27. Thirteen

vol % ThOZ, the highest content studied, imparted the highest strength to thorium.
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However, its effect is not as great as the addition of 5 wt % In, as indicated in
g

Table 26.

Table 26. Thorium=-Indium Alloy Tensile-Strength Tests at 800°C

Ultimate Yield
Tensile Strength Strength Elongation
Alloy (psi) (psi) (%)
Th=2 wt % In 6475 5550 10.0
Th-3 wt % In 7315 6330 6.0
Th-4 wt % In 6940 6120 5.5
Th=-5 wt % In 7810 7130 20.0

Table 27. Th-Th02 Alloy Tensile-Strength Tests at 800°C

Ultimate Yield
Tensile Strength Strength Elongation
Alloy (psi) (psi) (%)
Th-4 vol % ThO2 6425 5360 11.0
Th-7 vol % ThO2 4835 4530 33.0
Th=-10 vol % Th02 4245 3415 15.5
Th=13 vol % Th02 7010 6265 23.5

The best alloys containing ThOZ’ zirconium, and indium, based on the tensile-
strength results, will be tested for stress—rupture properties in order to determine the

optimum alloying conditions.

S Y S
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4. BASIC STUDIES

4.1 Preparation of Thorium Carbide and Uranium=-Thorium Carbide by the Sol-Gel
Process
The primary objectives of this work are to obtain uniform gel spheres of thoria-
carbon and thoria-urania-carbon which will calcine to dense, uniform microspheres
of dicarbides. The objective of a dense dicarbide sphere has been reached only in a
qualified sense. Dicarbide microspheres having a density of about 80% of theoretical
density have been prepared, but higher densities appear difficult to attain by the

present approach. This problem is one for further study.

A flowsheet for the preparation of dicarbides of thorium and uranium~thorium
by the sol-gel process was presented and discussed in Section 3.1.3. The steps in the

process will be discussed in this section.

4.1.1 First Step: Preparation of Thoria and Thoria-Urania-Carbon Sols

First, thorium=- or thorium-uranium oxide sols are prepared by the basic sol-gel
process.2] Then, a proprietary lyophilic carbon, Columbian Carbon Company or
Cabot Corporation channel black, is added as the dry powder to the sol. The mixture
is heated and agitated for 1 hr at 50 to 55°C. The carbon must have an acidic re-
action with water to yield a pH of 3 to 4.5 and a high specific surface-area (100 to
1300 m2/g).

Properties of Carbons Used for Preparing Sols. — Channel blacks are colloidal

carbons, prepared by impinging a hydrocarbon-fueled (largely methane) flame, burn-
ing with excess oxygen, on a water-cooled surface. The carbon particle sizes range

from 10 to 1000 A, and specific surface areas from 100 to 1400 m2/g.

The properties of the carbons selected for use in this study are presented in
Table 28. The more actively adsorbing carbons have a high content of volatile matter,
a significant fraction of which is evolved as oxygen-containing gases (i.e., CO and

COZ) when the carbon is heated at 1000°C in argon.
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3
Table 28. Properties of Carbons Used for Preparing Oxide-Carbon Sols22'2

Channel blacks: high surface area, lyophilic, high percentage
volatile matter, acid reaction in water

Specific  Volatile pH of

Surfac Matter SM DPG
Designation of Particle Area Content®  Slurry  Adsorption
Carbon Black Size (A (m2/g) (% bywt) in H,O Index
Neo Spectra Mark 17 110 1390 16.2 3.0 100
Neo Spectra Mark 11° 130 1000 14,7 3.3 98
Cc:lrbolcucb 9 950 16.0 3.0 100
Black Pearls 4«5b 120 800 14.0 3.0 75
Superccrbovorb 140 400 5.0 5.0 20
Black Pearls 71b 160 380 5.0 5.0 17
Spheron 9b 290 105 5.0 4.5 20

“Columbian Carbon Company, New York, data sheet.
Cabot Corporation, Boston, data sheet.

“Measured from electron micrographs.

dNirrogen adsorption, B.E.T. method.

®Loss in weight at 1000°C in argon.

Chemisorption of diphenyl guanidine relative to "inert" carbon—an indica-
tion of readily available acid groups on the carbon surface, in terms of an
arbitrary relative scale.

The channel blacks listed in Table 28 are wetted by water, producing an acid
suspension, the acidity of which increases with the amount and oxygen content of the

24,25

volatile matter. These carbons are described by several workers as a semi-
amorphous material in which regular layers of graphite are stacked randomly to form

10- to 40-A crystallites. These crystallites are held together by otherwise unorganized
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carbon to form moderately strong aggregates as open networks. Oxygen is chemi-
sorbed onto the surface to form functional groups analogous to ethers, phenols,
quinones, lactones, hydroquinones, peroxides, and carboxylic acids. In addition to
chemisorbed oxygen, the carbon adsorbs hydroxyl ions preferentially into its highly
porous structure from water, alkali, or salt solutions, leaving the solutions more

acid. This acidity may be titrated with dilute KOH, but inflections are poorly de-
fined, and there may be several. It is likely that carboxylic acid groups and phenolic
groups contribute to the acidity. In water or alkaline solution and in the presence of
a dispersing agent, the carbons can be dispersed by high-shear agitation to produce
stable sols at a 5- to 6-M carbon concentration. The sols are flocculated by dilute
acids or by an excess of alkali. Carbon aqua sols are electronegative, with particle
mobilities being comparable to those of metal sols. At a pH of 3 or greater, positive

ions and positive colloidal particles are sorbed by the carbon.

Interaction Between Surfaces of Colloidal Thoria and Carbon. — Colloidal thoria

prepared by the steam denitration of thorium nitrate reacts with water to form basic
hydroxyl surface sites that can be titrated with acid. For example, a plot of the con-
ductivity of a Th02 sol against the number of micromoles of dilute HNO3 added per
square meter of surface gave a linear plot of near-zero slope up to a value of 5.3
micromoles/mz. An abrupt increase in conductance at this point with additional HNO3
gave a second linear plot having a slope equal to the increase in conductivity com-
mensurate with increased HNO, concenfrc’rlon Thus, the capacity of the ThO sur-
face for acid equivalents is 5.3 mlcromoles/m (ref 26) (or between 0.07 and 0. 08 mole

of HNO3 added per mole of ThOz).

Similarly, a mixture of 4.4 moles of Neo Spectra Mark Il (Table 28) carbon and
1 mole of ThOz, prepared by steam denitration of thorium nitrate, in 1 liter of water
was titrated with dilute HNO3 (Fig. 51). A similar effect was shown for the same
NO3 /ThO2 mole ratio except that the transition in conductance for the mixture was
a smoother curve rather than a break shown in the titration curve for pure ThOz. The
reason for the gradual, rather than sharp, change in slope is believed to be that the
active surface groups on the carbon are weak acids which buffer the titration of the

Th02 suspension with HNO3.
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The weak=-acid character of the carbon surface is further demonstrated by the
plot of a conductimetric titration of Neo Spectra Mark Il carbon—HzO sol with di-
fute NaOH. As shown in Fig. 52, the conductance of the sol increases sharply at a
value of 5.6 millimoles of NaOH per mole of carbon. This corresponds to a value
of 2.12 micromoles of NaOH per square meter of carbon surface. The acid (HNO3)
equivalence of thoria (derived from steam denitration) in the stable sol form is
119.0 millimoles per mole. The carbon equivalent of thoria is therefore 21.2 moles
of C per mole of ThOz. The reaction between weak-acid sites of carbon and basic
sites of ThO2 can account for the adsorption of carbon on thoria if probable steric
effects are taken into account. The electron micrograph (Fig. 53) of an evaporated
thoria~carbon sol shows that the particles consist of crystallites or very small ag-
gregates of thoria (opaque particles), each completely coated by the more nearly

transparent (to electrons) carbon.

Stability of Thoria-Carbon and Thorium=Uranium Oxide~Carbon Sols. — When

high-surface-area channel black (e.g., Columbian Neo Spectra Mark |, surface area
= 1300 m2/g) is agitated (without shearing) for 1 hr with well-dispersed thoria sol at
50°C, a fairly stable suspension results. If evaporated immediately to gel, the fine
and coarse particles of gel which result have the same C/ThO2 mole ratio, within
3%, and that all samples of the gel are fairly uniform in composition. However, if
the same sols are allowed to stand for 72 hr, settling occurs, The distribution of ThO2
and carbon between supernatant and settled phases is a function of the initial C/ThO2
mole ratio. Table 30shows the results of settling in a series of sols that had varying

C/ThO2 ratios. The C/Th02 ratio in the settled phase tends to be at equilibrium at

8.6 for the components used in this experiment, regardless of the initial ratio.

Since at the pH of thoria-sol stability the ionization of the carbon surface sites
is suppressed, chemical means of dispersion are unlikely to be as effective for carbon
as for thoria, Mechanical dispersion of the carbon aggregates is therefore important.
Sols prepared by high shear dispersion were more stable, but they were highly thixo-
tropic and plastic. But, thixotropy and plasticity interfere with the formation of
small-diameter jet streams of sol, rendering sphere formation by the present spray

system impossible.



Table 30. Distribution of Carbon and Thoria in Settled Sols

Settling time, 72 hr; composition, 0.92 M ThO», with various
amounts of Columbian Neo Spectra Mark | carbon added

Supernatant Phase

Settled Phase

Percent

C/Th ThO, Carbon C/Th Solids (C + ThO9) by Volume
C/Th Atom Ratio Atom Content Content Atom (wt %) of Total in of Total
of Sol as Prepared Ratio (mg/ml) (mg/ml) Ratio Suspension Suspension

3 0.25 135 1.5 7.4 66.0 34.0

4 0.5 106 2,5 8.6 78 43.0

5 1.0 88 4.0 8.6 84 52.6

6 2.6 86 10.5 8.6 86.2 58.2

yel



SPECIFIC CONDUCTANCE (u mhos/cm)

135

ORNL DWG. 65.442

700 T

800 |— _
500 _
400— —
300+ —

200— -7 —

® | | l | 1 | | |
] L 2 3 4 5 [$) 7 8 9

MILLIMOLES NaOH PER MOLE OF CARBON

Fig. 52. Conductimetric Titration of Neo Spectra Mark 1l Carbon with NaOH.






137

In order to study the effects of carbon activity on the stability of the sols, a
series of thoria~urania-carbon sols was prepared, using carbons of widely differing
surface activities. The sols were agitated at moderately high rates of shear, and
nitrate/thoria mole ratios were maintained as low as possible (about 0.07) while
still ensuring the stability of the sol. After one to two weeks of aging, the sols
were formed into microspheres without further agitation. The properties of the
carbons, sols, and gels are summarized in Table 31. The $-9 carbon (the lowest-
surface~area carbon studied) appeared to give sols showing the least segregation
of carbon and oxide, and also yielded gel spheres having the highest tap density.
All the sols were more stable and uniform than those presented in Table 30. We
suspect however that complete dispersion of carbon was not obtained in any of the

above sols, and that the carbon was held to the Th02 surface as crystalline aggregates.

A uniform urania-thoria-carbon sol was prepared that had a U/Th atom ratio
of 0.2 and sufficient carbon to convert both metal oxides to dicarbides. In prepara-
tion, the uranium was sorbed onto the carbon from a uranyl nitrate solution. This
mixture was heated to 500°C (under argon) to remove nitrate, cooled, and then added
to a stable thoria sol, using a wetting agent. The resulting sol was stable (did not

settle) for longer than a week.

4.1.2 Second Step: Preparation of Gel Microspheres from Thoria-Carbon and Thorium-

Uranium Oxide~Carbon Sols

In the second operation, microspheres of thoria-carbon and uranium oxide-
thorium oxide—carbon having 10 to 1000 u in diameter and O to 10 mole % in
uranium were prepared by forming, suspending, and drying sol drops in organic
liquids that were immiscible with the sols at room temperature (see Section 3.1.2).
The organic liquids have small capacities for water (0.5 to 5% by weight) and ex-
tract water and HNO3 slowly enough to gel the sol droplets without cracking them.
The criteria for good microspheres are: near perfect sphericity, freedom from cracks
or pits, highly reflective surface, high density with low porosity, and high strength.

Laboratory studies were made to optimize the system for fulfilling the above criteriq,

and then to project the procedure to greater production.



Table 31. Properties of the Carbons,o

Sols, and Gels

Lot Designation

5-9 BP-71 BP-46
Specific surface, m2/g (BET, N,) 103 459 752
Volatile matter of the carbon 5% 5% 14%
Volatile matter of the carbon” 8.5% 8.7% 27%
Sol U/Th atom ratio, nominal 0.0326 0.0326 0.0326
Gel U/Th atom ratio” 0.0325 0.0328 0.0339
Sol C/metal atom ratio, nominal 4.10 4.10 3.60
Gel C/metal atom ratio” 4.23 3.25 5.04
Tap densities, g/cm3d 1.88 1.68 1.38

“Carbon blacks are a product of Cabot Corporation.
bFrom data provided by the manufacturer.
“From analysis at ORNL.

dDe’rermined for formed and dried gel microspheres.

8¢€l
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The column system (Sec 3.1.2) has been selected for the engineering develop-
ment of the system for forming microspheres, so optimization studies were also carried
out in a column system. Two small laboratory columns were built for studying the ef-

fects of variables in sol, extractant, and surfactant on the gel spheres.

Optimization of Extractant. — Sol droplets were formed by pumping a stream of

extractant in laminar flow at right angles to a fine stream of sol injected into the ex~
tractant by a syringe. Several undesirable effects were observed as the sol microspheres
fell through the column countercurrent to an upflow of extractant. These were:
coalescence of droplets and sticking of the sol to the wall of the column, sphere de-
formation (tear drops, fishtails, and other nonspherical shapes), clustering, cracking,
pitting, extraction of carbon, and extraction of thorium. Means of correcting some

of the above effects have been found. Coalescence and wall adherence are thought

to be due to excessive interfacial tension between sol and extractant. At present, the
upper limit beyond which sphere coalescence and sticking to the column wall occurs

is thought to be about 15 dynes/cm. Sphere deformation occurs at low interfacial
tension and also when high residual water is present in the gel product. For oxide and
oxide-carbon sols, the minimum interfacial tension for good sphere formation appears
to be about 4 dynes/cm. Clustering of droplets is not well understood. Cracking is
characteristic of large droplets in extractants having a high capacity for water (5 to

7 wt %) or of gel microspheres having a high residual water content. Pitting is
thought to be due to uneven drying of the droplet. Extraction of either carbon or
thoria causes the microsphere to crumble or to be porous and very weak. It is related
to chemical reaction between sol and extractant but is not well understood. A problem
commonly observed in forming carbon=-containing sols is the "shedding" of carbon into

the extractant, which leaves the spheres with a matte surface.

Fourteen water extractants were examined, and of these, 2-ethyl-1-hexanol
(2-EH) was the most suitable for setting both oxide and oxide-carbon sols to gel

microspheres. The properties of 2-EH that appear to be significant are:
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viscosity, 25°C 10 to 13 centipoises
water solubility in 2-EH, 25°C 2,6 wt %
solubility of 2-EH in water <0.1 wt %

interfacial tension with water, 25°C 15 dynes/cm in equilibrium with water
flash point 185°F

minimum=-boiling azeotrope with

water at 98°C 25% H,O in azeotrope

2

chemically neutral to sol no acid, base, or oxidizing agent

A higher viscosity (about 100 cp) would be better for forming microspheres of 100 to
500 u diameter because it would permit higher extractant velocities in the column
while still retaining laminar flow. Laminar flow is important in minimizing collisons
between the spheres. The high flash point is desirable for safety, particularly if
azeotropic distillation is to be used for separating water from the extractant. The
formation of a low-boiling azeotrope makes possible the recovery of extractant below

its flash point.

Other primary alcohols were marginally useful — 1-hexanol, 1-heptanol,
1-octanol, and 2-methyl—1-pentanol. Cyclohexanol, a secondary and cyclic alcohol

has too low an interfacial tension with the sols. Ketones are too soluble in the sols.

Selection of Surfactants. ~ Surfactants control the interfacial tension, prevent-

ing or minimizing many of the undesirable effects listed above. In forming sol spheres,
surfactants which are more soluble in extractant than in sol, yet very slightly soluble

in the sol, are the most successful.

Cationic surfactants have been the most effective with oxide sols containing no
carbon, The Armour "Ethomeens" and the Geigy "Amines" and "Altosperse " sur-
factants are preferred, and were effective at concentrations of 0.5 to 1.0 vol % of the
extractant. All evidence to date shows that these surfactants recycle without serious
deterioration through the distillation step for removal of water from the 2-EH. Anionic
surfactants enhance extraction of thoria into the organic phase. Non-ionic surfactants

(polyethylene glycol esters of fatty acids and fatty acid-amides) have been effective



141

only if they have a relatively large number of hydroxyl groups in their molecules and
are objectionable because they lower interfacial tension too much, distorting the

microspheres.

For sols containing carbon, the carbon itself may be a sufficiently active
surfactant to prevent coalescence and wall-sticking. Anionic and cationic sur-
factants enhance thorium and carbon extraction, respectively, and weaken the gel
structure. Carbowax esters of oleic and ricinoleic acids at 1 to 2% concentration

suppressed carbon shedding.

4.1.3 Materials and Experimental Equipment

The formed and dried gel microsphere of thorium oxide—carbon or uranium-
thorium oxide—carbon were converted to the corresponding carbides by induction
heating in a vacuum or a current of inert gas, such as argon. Nearly complete con-
version of the oxides to carbides was attained in 1 to 6 hr in the temperature range
of 1450 to 1750°C. In another heating procedure, argon at 1 atm was passed through
the furnace up to the initiation of the reaction. The argon was then turned off, and
the system was sealed to retain reactant gases. Under such conditions completion of

the reaction required about 6 hr at 1900°C, or 1 hr at 2100°C.

Calculations from thermodynamic data (Fig. 54 ) for the reaction

Thoz(c) HAC ) == ThCZ(C) +2CO )
show that conversion of thorium oxide to thorium dicarbide at 1500°C will give an
equilibrium vapor pressure of CO of about 6000 u Hg under the conditions for which
the data were obtained. For the conversion runs conducted in vacuum, the total
pressure of the evolved gases (assumed to be CO) varied from 10 to 1000 p. Assuming
good contact between the reactants, if the system pressure is maintained below the
equilibrium pressure of CO, the reaction should proceed until one of the reactants is
consumed. The intimate contact achieved between reactants by mixing them as
colloidal dispersions, as in the sol-gel process, probably accounts for the completeness

of the reaction achieved in this system.
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The kinetics of the oxide-carbon reactions taking place in vacuum and at

temperatures from 1445 to 1750°C were investigated. A drawing of the apparatus

is shown in Fig. 55. The reaction took place in an inductively heated graphite

cylinder suspended in an evacuated quartz envelope. The vacuum pump operated
throughout the run, and the vacuum varied from 1000 u at the start to about 10

at the finish. The pump exhausted the evolved carbon monoxide to a volumetric
gas meter. The volume of carbon monoxide evolved was plotted against time

(Figs. 56 and 57) to give kinetic information on the reaction. The reaction rate was

proportional to the amount of unconverted Th02 and fits the first equation:

-d (ThOz)
—— = k(ThOz)

In integrated form,

-In (1 = X) = kt + constant

(ThOz) = fraction of ThO2 unreacted,

X = the fraction of ThOz, reacted,
t = time, hr,
k = specific reaction rate, hr .

The linearity of the plot of =In (1 = X) vs t (Fig.57) confirms the pseudo first-
order nature of the reaction system up to about 86% conversion. In Fig. 57
reaction rate data at 1615°C are presented. At 1445°C, the reaction rate

constant was 0.586 hr-] and at 1615°C, 5.69 hr-], as calculated from the

slopes of the plots of -In (1 = X) vs time.
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In Fig. 58, the reaction rate constants for conversion of thoria and of ThOz-—
5% U02 to the corresponding dicarbides are plotted against the reciprocals of ab-
solute temperatures between 1718 and 2023°K. Carbon-to~-metal atom ratios from
4.3 to 6.8 are also represented. The activation energy for the oxide-dicarbide con-
version was about 112 kcal per g-mole of ThOz. Variations in the uranium content
(0 to 5 at. %) and amounts of carbon as much as 170% in excess of the stoichiometric
requirement for the formation of ThC2 produced no significant effects on the reaction

rates.

4.1.4 Properties of the Carbide Products

Particles of thorium- and uranium (0 to 5 at. %)~thorium dicarbide formed from
irregularly shaped gel fragments contained 2 to 22 wt % of free carbon, had densities
of approximately 2.74 to 8.58 g/cc, and contained surface-connected porosities of
6.9 to 48.3 vol % as measured by Hg porosimetry. The gel fragments had been pre-

heated in argon to 1000°C before finally firing to about 1800°C in vacuum.

Spheroids formed in carbon tetrachloride—15% isopropyl alcohol shrank about
30% in diameter when calcined in a way similar to that just described for the ir~
regularly shaped pieces. The density of the product was decreased and porosity was
increased in direct relation to the amount of free carbon. There was some indication
that the preparations calcined at higher temperatures and for longer times had higher

densities and lower porosities.

The particle densities and porosities were measured by pycnometric toluene
immersion and mercury porosimetry. Neither method has been refined to the point
where completely reliable density and porosity data can be obtained for carbides be-
cause the wettability of the product by toluene and by mercury are not known ac-

curately. The particle-density values are to be considered only as good approximations.

Figure 5%is a plot of pore volume vs pore diameter calculated (on the assumption
of cylindrical pores) from data obtained by the mercury porosimetry of cracked, ir-

regularly fragmented particles of the dicarbides. Several populations of pore diameters
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are present in these dicarbides. The pore volume of the group having the largest
pores was at least 50% of the total pore volume in neatly all the dicarbide products
of the various oxide-carbon sols studied, regardless of their C/Th atom ratio. From
visual observation, it appears that the large pores may be due to cracks generated in
the gel fragments during the drying step. Apparently the larger pores were elimi-

nated from the particles when they were spheroidized in 2-EH.

A series of spheroidal carbide products was prepared from thoria sols containing
about 3 af. % uranium oxide and one of four channel blacks. The spheroids were
formed in 2-EH (see Sec 4.1.2), dried at 100°C, and converted to carbides in a static
atmosphere of argon, with CO increasing as the reaction progressed at 2100°C. The
properties of the sols, gels, and carbides at the various stages of preparation are
presented in Table 32. The gel spheres containing carbons having the low specific
surface areas (100 to 400 vs 800 m2/g) have higher densities (2.7 vs 2.1 g/cc) and
lower porosities (0.09 and 0.08 vs 0.11 and 0.13 cc of pores/cc of solid) than those
containing carbons having high specific surface areas. There is some indication that
the gels of higher density calcine to carbides of higher density. An increase in un-

combined carbon content appears to decrease the density of the product.

The percentage conversion of oxide to carbide appears to be related to the
amount of excess carbon, the final calcination temperature, and the calcination time.
The accuracy of the percentage conversion data is subject to some doubt. Contact
with moisture or air converts a part of the carbide to oxide, and the conversion is
based on the residual ThO2 found by analysis. The stoichiometric ratio of combined
6?7,

carbon to thoria for the dicarbide is 1.9 therefore, the theoretical weight per-

centage of carbon in dicarbide should be 9.18%.

Spheroids of thoria=carbon gel and of urania-thoria-carbon have proved to be
strong enough to permit handling with no special care, Oxide~carbon gel spheroids
have been subjected to rapid heatup from room to reaction temperature (25 to 2100°C)
in 10 min with little observed breakage. Some interparticle sintering was observed in

firings at 2100°C for 1 hr, but none at 1750° for 1 hr.
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Table 32. Properties of Sol-Gel Carbide Preparations at Successive Stages

Conversion conducted by heating rapidly to 2100°C and holding
for 1 hr in a static atmosphere of argon, except where noted

Sol
Preparation No. 5-9 BP-71 BP-46 79 sc®
U/Th atom ratio 0.0325 0.0328 0.0339 0.0330
C/metal atom ratio 2 4.23 3.25 5.04 5.20
Surface area of carbon, m“/g 105 380 800 400

Gel Spheroid (formed in 2-EH and dried at 100°C)

Densities, g/cc

tap 1.80 1.68 1.38 1.35

pore-free solid 3.04 2.83 2.24 2.37

geometric sphere 2.78 2.63 2,02 2.09
Porosity

vol of pores
vol of pore-free solid

0.091 0.079 0.114 0.133

Carbide Product

U/Th mole ratio 0.0317  0.0328 0.0336  0.0337 0.0327
Total carbon, wt % 8.93 7.29 10.6 9.24 8.65
Free carbon, wt % b 0.17 0.08 1.74 0.35 0.18
Combined carbon, wt % 8.76 7.21 8.86 8.89 8.47
Density, g/cc®
By toluene immersion - 9.1 8.3 - -
By Hg porosimetry - - 7.9 - -
Conversion, % of initial d
oxide to carbide 97.4 94.5 92.4 98.28 94.7
% conversion to dicarbide 91.2 56.4 - 93.6 87.8
% conversion to monocarbide 6.2 38.1 - 4.6 6.9

“Single sol preparation fired in two batches.

) is 9.18

IOThe theoretical percentage of carbon in thorium dicarbide (ThC
wt %; for ThC, 4.92 wt %.

“Theoretical density for ThC2 is 9.6 g/cc.

1.95

Conversion carried out in argon for 1 hr at 1875°C after having been fired at
600°C for 1 hr.
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4.2 Rates and Mechanisms of Fission-Gas Release from Thoria=Urania Fuels

The kinetics and mechanisms responsible for fission-gas release from nuclear
fuels have been under intensive investigation for many years. However, the rapid
bursts of the noble fission gases released during temperature rises has not been ex-
plained. In an attempt to explain, it was reasoned that since dislocation movement
is greatly accelerated by temperature increases, moving dislocations might well be

the means by which noble gases are carried through a structure.

Experiments designed to investigate the interrelation of dislocation movement
and fission-gas bursts seemed warranted and have been carried out. Preliminary re-

sults are presented here.

Application of a stress can cause dislocations to move at constant temperature.
The experiment consists in applying and removing a known load to irradiated fuel

pellets and measuring the ]33Xe released. The pellets consisted of ThO,, containing

2 wt % highly enriched UOZ' These were irradiated for a length of Hmj resulting in
1.85 x 1015 Fissions/cm:3 and stored for a week to allow decay of the short-lived iso-
topes. Specimens were brought to a selected temperature and the fission-gas release

rate was determined. A compressive stress was applied and the change in release rate

was measured.

In these experiments, as has been observed in many others, there was an initial
burst of radioactivity when the temperature was increased. After a steady-state
condition was achieved, stress was applied,and there was again a burst of radicactivity.
The magnitude of this release varied from an amount similar to that released during the
temperature change to 50% more than the radioactivity measured during the tempera-
ture change. The stress-induced burst releases of activity could be increased by in-
creasing either temperature or load. After the initial burst, the steady-state release
rate was markedly higher from stressed specimens than for specimens tested at the same
temperature with no applied stress. When the applied stress was removed, the rate of

fission-gas release decreased to about the rate observed before applying the load.
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There is a qualitative similarity between the characteristics of stress-induced
release of ]33Xe and the creep behavior exhibited by thoria. Proportionately, the
magnitude of the burst and the higher release rates at steady state under stress are
similar to the magnitude of creep deformation expected under these conditions. Thus,
there seems o be a strong correspondence between the motion of dislocations and the
release of fission gas. However, some definitive tests are required before the mech-
anism by which dislocations transport the fission gas and the role of temperature

changes on fission-gas release can be proposed.

4.3 Volatilization of Protactinium from Irradiated Thoria Fuels:
Use of Chloride Melts
The prompt separation of protactinium from reactor-irradiated thorium would
minimize neutron losses and result ultimately in the formation of 233U of high iso~
topic purity. Separation processes could be facilitated by handling the thorium and/
or the protactinium as a volatile material. Low-melting salt compositions should be
attractive for this purpose. Volatilization techniques have been suggested for the

separation.

An interesting separation has been reported in a pc:u’renf;28A|CI3 was heated
with irradiated finely divided thoria in a sealed tube, after which aluminum and
protactinium chlorides were volatilized at 75 to 150°C and condensed in a cool
region, leaving behind thorium and uranium chlorides. Since the information in the
patent is sparse, the elaboration of any such processes requires a detailed study of
the phase and separation chemistry of the chloride salt systems. Knowledge of the
vapor pressures, phase relationships, chemical complexes possibly existing in
various phases, and the general thermodynamic characterization of the protactinium

salts are desirable.

A preliminary study of the phase relationships of the ThC|4—A|C|3 system has
been made. In addition, a study of the ability of ZrCI4 to increase the mutual solu-
bility of the components of this system has been attempted by investigating the A|C|3—
ZrCI4 and ThC|4—ZrCl4 systems.
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4.3.1 Materials and Experimental Equipment

Since work on the phase behavior of these salt systems has suffered from the
lack of availability of components of adequate purity, considerable attention was
devoted to the preparation of suitable starting materials. Aluminum chloride was
made29 from the elements by using high purity analytical-reference aluminum metal;
thorium chloride was resublimed from material originally prepared by Dean and
Chandler.3o Commercial ZrCI4 specified as "reactor grade " was resublimed prior
to use. Materials were characterized by chemical, thermal, spectrochemical, and

x=ray analyses.

Table 33 summarizes the results of chemical analyses. The empirical formulae
shown are all slightly below stoichiometric values for chloride. Based on the sharp-
ness and accuracy of melting point determination of the pure substances, the purity

of the salts was deemed adequate for the phase studies.

Table 33. Properties of Chloride Salts

'I'hCI4 AICI3 ZrCI4
Melting point °C, observed 760-765 192 436
(Literature) (770) (192.4) (437)
Chemical analyses, wt %
Cation, observed 61.74 20.31 39.16
(Theor.) (62.07) (20.23) (39.14)
Chloride, observed 36.4 79.60 58.3
(Theor.) (37.93) (79.77) (60.86)
HZO’ observed 0.50 0.27 0.07
Empirical formula ThCI3.86(H20)O.10 AICI2.98(H2O)O.02 ZrC|3,83(H2O)O.Ol

The hygroscopicity and volatility of the salts required the use of a dry box. All
exposed operations were done in an argon atmosphere having a water content in the
range 10 to 20 ppm. The chloride mixtures were confined in fused quartz capillaries

or welded nickel or Inconel capsules fitted with thermocouple wells. These containers
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were designed to withstand the substantial pressures associated with A|C|3 and the

corrosive attack of the chloride salts.

Thermal studies were made by heating and cooling the specimens at a pre-
determined rate of 1 to 2°C/min and observing the time-temperature relationship.
In most cases the temperature of a reference capsule identical geometrically to the
specimen and similarly filled, but with inert A|203, was compared with the specimen-
capsule temperature. This was done by the sol-called differential thermal analysis

(DTA) method. The availability of a semiautomatic DTA apparatus permitted parallel

runs and more efficient production of data.

In order to detect and identify subtle phase changes and to confirm evidence of
supercooling observed, direct visual studies with quartz capillaries heated in trans-
parent alkali nitrate salt baths were cffempfed.:“ Uniformity of temperature, ease of

observation, and control of experimental conditions were excellent.

4.3.2 Experimental Observations

A|C|3-ThC|4 System. — Observations were made at 10 mole % and at 90 mole
% ThC|4, using metal capsules in the temperature range of 100 to 800°C. After several
thermal cycles, leaks developed at the upper temperature in each case. Inspection of
the capsule showed no visible internal corrosive attack but did indicate defective
welding to be the cause of the ruptures. Observations before the leaks are taken as
valid. Temperature halts at 190 to 200°C, corresponding to the AICI3 triple point
(reported as 192.6° at 171.5 cm Hg), were observed at both compositions. A rather
broad transition was noted between 740 and 770°C (mp of ThCl4 is variously reported

between 750 to 770°C). Considerable supercooling was observed for both transition

temperatures.

Direct observations of heating and cooling cycles (up to 350°C) were made by
sealing various compositions in 1-mm=ID, 3-mm-OD quartz capillary tubes. A range
of concentrations including 1, 0.9, 0.75, 0.5, 0.25, 0.10, and 0 mole fraction of ThCl
in A|C|3 were observed. In the low ThCl

4

concentration region, it was visually ob-

4
served that a phase change occurred at about the triple point of pure A|C|3. No
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interaction of the liquid AICI3 with the ThCl4 was evident during repeated thermal

cycling of the mixtures over a period of several days. At high ThC|4 concentrations,
similar observations were made but were less conclusive in part because of the mask-
ing effect of the presence of relatively large amounts of ThCI4. Russian work, reported

by B. G. Korshunov32 indicates that the mutual solubility of AICI3 and ThCl4 is low.

Our work indicates that the solubility of ThCI4 in AICI3 will be much below 10 mole

%. Techniques other than thermal analysis will be used to determine this solubility.

AICIQ-ZrCI4 System. — A number of compositions in this system have been

studied by differential thermal analysis. Transition temperatures, as estimated from

differential temperature vs absolute temperature data, are listed in Table 34. The upper
and lower temperature halts during heatup are presumed to be liquidus and eutectic
temperatures. Corresponding observations during cooldown indicate substantial super-

cooling of the AICI3-rich compositions.

A combination of visual observations of several salt mixtures of 5 and 14 mole %
ZrCI4 in A|C|3, using 1-mm=|D quartz capillary and thermal analysis, clearly show a
transition from liquid to solid on cooling at about 120 to 130°C. By thermal analysis,
melting starts af about 160°C, which corresponds to the presumed eutectic melting

temperature.

I. S. Morozov and L. Tsegledi repor’red33o eutectic at 17 mole % ZrCI4 for the
A|C|3-ZrC|4 system at 116°C, another transition at about 127°C, and indicate the
presence of two liquid phases at intermediate compositions above 127°C. None of
these were observed in this study. The transition at 127°C observed by the Russian
workers may be related to our observation of supercooling at the A|C|3—rich end of

the composition range.

From our observations indicated above, we find no present necessity of inferring
any phenomena other than a eutectic in the 5 to 14 mole % ZrC|4 region, at about

160°C. An effort will be made to locate this more precisely.
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ThC|4-ZrC|4.— Observations of temperature halts for compositions 0.0, 0.25,

0.5, 0.75, 1.0 mole fraction of ZrCl4 in ThCI4 up to a temperature of 550°C show only

a single differential temperature peak. This corresponded closely to the melting point
of the pure ZrC|4. Although study of the properties of ternary mixtures of these salts
would be required to completely investigate the possibilities of ZrCI4 for acting as a
"bridging solvent", the evidence developed so far for the ThC|4—ZrCI4 system indicates

little mutual solubility. A few further measurements are planned in the ternary system.

Table 34. Summary of A|C|3—ZrC|4 Thermal~Analysis Data

Composition

Temperature Halts (°C)
(Mole % ZrCly

in AIC:I3°—ZrCI — Heatup : — Cooldown .
Mixture) Liquidus Eutectic Liquidus Eutectic

0 192 - 170 _

0 192 - 172 -

5 - 176 - 136

> ~_b) 166 - 139

S 195 ) 166 - 132
5 185 157 - 126
14 194 161 - 125
4 192 161 - 123
H4 189 158 - 128
33 ) 182 314 144
50 ) 167 366 143
50 372 161 366 140
50 372 162 367 145
67 402 162 397 146
67 399 161 397 142
67 398 162 394 143

“As AICI3 monomer.

Supercooling clearly indicated in several cases in this column.
CVery vague liquidus.
CICoupsule leaked.

e . - . .
Run using thermal curves, non-DTA from precision potentiometer with well
defined sharp temperature halt.



APPENDIX

Table Al. Summary of Sol-Gel Operating and Control Data for Campaign |

233

. . U 3.196 3.196
Over-all campaign ratio: B3, . 3196+ 104695~ T07.889 =0.0296=2.96%
BNL Sol- 233u° gromum—233 Thorium Charged Product
Carrier Cel R SX Quantity As Denitrator As Thorium Prepared:
Campaign Shipment  Run U+ Th Batch Processed Product: Th02 Metal U02 + Th02
No. No. No. Ratio No. (kg) (kg) (kg) (kg)
] ] ] 2.92 HJ-1 0.2615 10.010 8.629 9.025
1 1 2 3.02 HJ-1 0.2615 10.010 8.629 9.975
1 I 3 2.99 HJ-1 0.2612 10.010 8.619 9.700
1 ! 4 3.04 HJ-1 0.2616 10.010 8.623 9.195
1 ! 5 2.91 HJ-1 0.2721 10.510 9.026 10.275
1 1 6 2.94 HJ-1 0.2736 10.479 9.026 10.155
1 1 7 2.95 HJ-1 0.2736 10.479 9.026 10.580
1 1 8 2.92 HJ-1 0.2613 10.010 8.623 9.837
] 1 9 3.00 HJ-1 0.2669 10.010 8.623 9.920
1 1 10 3.12 HJ-1 0.2694 10.010 8.623 10.036
1 1 11 2.92 HJ-1 0.2667 10.010 8.623 9.850
1 ] 12 2.92 HJ-1 0.2667 10.010 8.623 10.064
TOTALS 3.196 121.558 104.693 118.562
100 3y

a, .. iee L
Ratio specification:

b

SX = solvent extraction.

e 3.00 = 0.05; however, product falling within the 2.90 to 3.10 ratio may be blended
U+ Th to obtain the desired ratio.

8¢l



Table A2. Summary of Sol-Gel Operating and Control Data for Campaign 2

233

Over-all campaign ratio: mm=—2— = 4'25‘;35?37.] > = 0.03008 = 3.01%
U+ Th
BNL Sol- 233U Uranium-233 Thorium Charged Product
Carrier Gel X SX Quantity  As Denitrator As Thorium Prepared:
Campaign Shipment Run U+Th  Batch Processed  Product: ThO2 Metal vo, + ThO2
No. No. No. Ratio No. (kg) kg) (kg) (kg)
2 1 13 2.98 HJ-2 0.265 10.003 8.573 8.816
2 ] 14 3.02 HJ-2 0.267 10.003 8.573 9.922
2 1 15 3.03 HJ-2 0.267 10.014 8.582 9.242
2 1 16 3.03 HJ-2 0.267 10.003 8.573 11.028
2 1 17 3.0} HJ-2 0.267 10.014 8.582 10.178
2 ] 18 3.03 HJ-2 0.270 10.003 8.573 10.376
2 2 19 3.08 HJ-2 0.270 10.003 8.573 9.895
2 2 20 3.07 HJ-2 0.270 10.003 8.573 10.149
2 2 21 3.00 HJ-2 0.262 10.003 8.573 10.517
2 2 22 2.94 HJ-2 0.260 10.003 8.573 10.348
2 2 23 2.99 HJ-2 0.265 10.003 8.569 10.150
2 2 24 3.01 HJ-2 0.265 10.003 8.569 10.007
2 2 25 3.04 HJ-2 0.265 10.003 8.569 9.979
2 2 26 3.03 HJ-2 0.265 10.003 8.569 10.008
2 2 27 3.02 HJ-2 0.265 10.003 8.569 10.262
2 2 28 3.03 HJ-2 0.265 10.003 8.569 10.063
TOTALS 4.255 160.070 137.162 160.940

661



Table A3. Summary of Sol-Gel Operating and Control Data for Campaign 3

o) [l . . 233U _ 3.166 _ - 3.000
ver-all campaign ratio: 5 = 3145 T 107455 0.02997 = 3.00%
U+ Th
BNL Sol- 233U Uranium-233 Thorium Charged Product
Carrier Gel T SX Quantity As Denitrator As Thorium Prepared:
Campaign Shipment Run U+Th Batch  Processed Product: ThO2 Metal uo, + Th02

No. No. No. Ratio No. kg) (kg) (kg) (kg)
3 2 29 3.00 HJ-2 0.265 10.008 8.573 9.215
3 3 30 3.06 HJ-3 0.265 10.008 8.573 9.798
3 3 31 3.02 HJ-3 0.265 10.008 8.558 9.830
3 3 32 2.95 HJ-3 0.259 10.008 8.528 9.995
3 3 33 3.01 HJ-3 0.264 10.023 8.540 10.050
3 3 34 2.99 HJ-3 0.264 10.008 8.528 9.985
3 3 35 3.00 HJ-3 0.264 10.008 8.528 9.970
3 3 36 3.01 HJ-3 0.264 10.008 8.528 10.075
3 3 37 2.96 HJ-3 0.264 10.008 8.528 9.810
3 3 38 2.98 HJ-3 0.264 10.008 8.528 9.960
3 3 39 3.06 HJ-3 0.264 10.008 8.528 10.095
3 4 40 3.00 HJ-3 0.264 10.008 8.528 9.685

TOTALS 3.166 120.111 102.468 118.468°

091

7115 kg of material from SGO-1,5,8,10,12 dumped with this oxide. Already accounted for in Campaign 1, not included in
total.



Table A4. Summary of Sol-Gel Operating and Control Data for Campaign 4

233

Over=-all campaign ratio: 233U = 3.4503;_4??0-724 = 0.03021 = 3.02%
U +Th
BNL Sol- 233U Uranium-233 Thorium Product
Carrier Gel T X Quantity As Denitrator As Thorium  Prepared:
Campaign Shipment  Run U+Th Batch Processed Product: ThO, Metal UO, + ThO,
No. No. No. Ratio No. (kg) (kg) (kg) (kg)
4 4 41 2.94 DC-1 0.262 10.006 8.484 9.370
4 4 42 3.01 DC-1 0.267 10.006 8.484 9.825
4 4 43 3.02 DC-1 0.267 10.006 8.484 10.185
4 4 44 2.98 DC-1 0.265 10.006 8.484 9.935
4 4 45 3.01 DC-1 0.266 10.006 8.484 9.895
4 4 46 2.95 DC-1 0.265 10.006 8.484 9.900
4 4 47 3.01 DC-1 0.266 9.966 8.450 10.015
4 4 48 2.96 DC-1 0.266 10.006 8.598 9.955
4 4 49 3.05 DC-1 0.266 10.006 8.598 9.965
4 4 50 2.99 DC-1 0.269 10.006 8.598 10.040
4 5 51 3.02 DC-1 0.266 10.006 8.598 9.880
4 5 52 2.98 DC-1 0.266 10.006 8.598 9.720¢
4 4 53 3.07 DC-1 0.259 9.752 8.380 10.055
TOTALS 3.450 129.784 110.724 128.740

91.455 kg unused analytical samples were added to this batch. Not included in total.

191



Table A5. Summary of Sol-Gel Operating and Control Data for Campaign 5

233

Over-all campaign ratio: 3 u_. 6.0566;0?35.530 = 0.0300 = 3.00%
U+Th
BNL Sol- 233U Uranium-233 Thorium Product
Carrier Gel T SX Quantity As Denitrator ~ As Thorium  Prepared:
Campaign Shipment Run U+Th Batch Processed Product: ThO, Metal UO2 + ThO2

No. No. No. Ratio No. (kg) (kg) (kg) (kg)
5 5 54 3.02 DC-3 0.266 10.002 8.595 9.150
5 5 55 2.95 DC-3 0.258 9.774 8.343 9.780
5 5 56 2.96 DC-3 0.258 9.774 8.343 9.975
5 5 57 2.99 DC-3 0.258 9.776 8.343 9.675
5 5 58 3.00 DC-4 0.264 9.999 8.534 10.060
5 5 59 3.01 DC-4 0.264 10.000 8.534 9.905
5 5 60 2.99 DC-4 0.266 10.000 8.534 9.845
5 5 61 3.01 DC-4 0.261 9.900 8.449 9.765
5 5 62 2.91 DC-4 0.264 10.000 8.534 9.925
5 5 63 2.96 DC-4 0.262 10.000 8.463 9.995
5 6 64 2.97 DC-4 0.262 10.000 8.463 9.810
5 6 65 3.00 DC-4 0.264 10.000 8.463 9.840
5 6 66 3.00 DC-4 0.264 10.000 8.463 10.030
5 6 67 2.96 DC-4 0.262 10.000 8.463 9.920
5 ) 68 3.00 DC-4 0.264 10.000 8.463 9.720
5 6 69 3.01 DC-4 0.262 9.950 8.421 10.030
5 ) 70 3.00 DC-4 0.266 10.000 8.595 9.825
5 6 71 3.05 DC-4 0.266 10.000 8.595 9.990
5 6 72 3.02 DC-4 0.266 10.000 8.595 10.025
5 6 73 3.04 DC-4 0.266 10.000 8.595 9.850
5 6 74 2.99 DC-4 0.264 10.000 8.595 9.900
5 6 75 3.04 DC-4 0.264 10.000 8.595 9.905
5 6 76 3.00 DC-4 0.265 9.950 8.552 9.925
TOTALS 6.056 229.125 195.530 226.845

AY
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