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A NEW PROCESS FOR THE REMOTE PREPARATION A N D FABRICATION OF 
FUEL ELEMENTS C O N T A I N I N G URANIUM-233 OXIDE-THORIUM OXIDE 

ABSTRACT 

A remotely operated pi lot plant for the engineering development of the 

sol-gel—vibratory-compaction procedure for preparing reactor fuel has been 

constructed at Oak Ridge Nat ional Laboratory, This plant is cal led the Ki lorod 

Faci l i ty . The fac i l i t y is being used to prepare about a thousand Zircaioy-2--clad 

fuel elements for a zero-power c r i t i co l i t y experiment at Brookhaven Nat ional 

Laboratory. The rod- l ike fuel elements are about 1/2 in . in diameter and 46 in . 
233 

long. Each w i l l contain 890 g of oxides in solid solution (U to Th wt rat io, 

3/97). During this work, the feasibi l i ty , safety, and economy of remote recovery, 
233 

preparation, fabr icat ion, and inspection of U 0 „ - T h O _ fuels are being eva lu 
ated on an engineering scale. Upon completion of this project, the fac i l i t y may 

be used to prepare UC„ -ThC„ fuels by the sol-gel process. 
233 

The procedure includes solvent extraction recovery of U by means of 

di-sec-butyl phenylphosphonate in diethyibenzene; the sol-gel process, a new 

procedure for preparing dense oxide fuels; oxide part icle sizing; vibratory com

paction loading of fuel tubes, fol lowed by end-closure welding, c lean'ng, and 

inspecting. Gamma-ray scanning w i l l be used to determine the uniformity of the 

fuel density. A l l steps in the procedure, and the equipment for conducting it, 

were designed for c r i t i ca l l y safe, remote operation, instruments are provided for 

remote control of the process and for monitoring the tadioact iv i ty and evaluating 

the hazards to workers at each step of the operation. 

Twelve p i lo t -p lant runs involving uranium decontamination, sol-gel prepa

ration of 50 kg of oxide, and fuel sizing and ciassificotion have been completed, 

wi th only minor di f f icul t ies. Previously, a l l steps had been successfully operated 
238 

outside of the cel l at fu l l scale, using U as a stand-sn^ to confirm the equipment 
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design and operational procedures. The adaptabi l i ty of the process and equipment, 
233 

however, can be proved only by operation of the integrated fac i l i t y wi th U 

The results of examination after irradiation of 17 test capsules at burnups to 

17,000 Mwd/metr ic ton of fuel showed the sol-gel-prepared oxide to perform 

satisfactorily wi th respect to stabi l i ty and fission gas release. 

Much of this procedure is new, including the sol-gel process. While early 

results are encouraging, it is too early to report a complete evaluat ion. 

In laboratory experiments, uranium-thorium dicarbide fragments and micro

spheres were prepared by the sol-gel process at a maximum temperature of 1600°C, 

INTRODUCTION 

The purpose of this paper is to present the objectives, design, development, 

and operational performance of the Ki lorod Faci l i ty , a pi lot plant for preparing 
233 

U oxide-thorium oxide fuel and fabricating i t into fuel rods by the sol-gel — 

vibratory-compaction process behind shielding. 
233 

Processing and handling of U and recycled thorium fuels need to be 

conducted behind shielding because of the high-energy gamma radiation emitted 
232 233 

by the decay products of U that is associated wi th U (refs 1 and 2). 

Extensive process development for each step was cair ied out outside of 

shielding to optimize equipment and procedures for «"emote or semi-remote 

operation. Some well-established procedures were modified^ and some new 
233 

processes were introduced, in order to provide a safe, low-cost U -thorium 
fuel cycle suitable for remote operation. The fac i l i t y was designed and bui l t 

primari ly to carry out the Ki lorod program, in which approximately 1000 fuel 
233 233 

rods, containing U oxide-Th oxide (U to Th wt ratio of 3/97) , are being 

prepared for zero-power c r i t i ca l i t y experiments at Brookhaven National 

Laboratory. In addit ion to the production of the rods, the program affords an 

excel lent opportunity to extend thorium fuel cycle technology. Much valuable 

processing and fabrication experience Is being obtained. Data on radiation 

exposure to workers for each operation w i l l be provided to determine what 
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operations, if any, can be carried out outside of shielding. Much-needed cost 

data w i l l be obtained for thorium-U fuel cycles. Although designed to 

produce a specified fuel rod, a l l the equipment wi th the exception of that used 

for rod fabrication and inspection is of a suff iciently general design to afford 

considerable functional f lex ib i l i t y . For example, when the Kilorod program Is 

completed, the fac i l i t y may be used for scaled-up development of elements 

containing uranium and thorium dicarbides. 
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THE KILOROD PROGRAM 

Figure 1 shows the product of the Ki lorod Faci l i ty , the Bookhaven 

National Laboratory fuel rod for the zero-power cr i t ica l experiment assembly. 

The program requires the production of about 1000 of these elements. Each of 
233 233 

the Z i rca loy-2 tubes contains 890 g of U -thorium as oxides (U to Th wt 
233 232 

ratio, 3/97). The U contains nominally 40 ppm of U , The cone-shaped 

bottom f i t t ing serves to locate the rods in the lat t ice, and the top f i t t ing 

* On loan to the Oak Ridge Nat ional Laboratory by the Australian Atomic 
Energy Commission. 

* * On loan to the Oak Ridge National Laboratory by the Babcock and Wilcox 
Company. 
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supports the rods in the latt ice and provides a l i f t ing plug for handling. The 

compression spring and alundum spacer prevent fuel movement i f the rods are 

Inverted, in addit ion to the 46- In . - long by 0 .43- in , - ID rods shown, about two-

hundred rods, 18 in . long and each containing 310 g of oxide, w i l l be prepared. 

By specif icat ion, the bulk density of the fuel must be 89%of the theoretical 

crystal density (10.035 g /cc ) , w i th a var iab i l i ty of not greater than ±2%over 

a segment of the rod equal to a standard pellet or from rod to rod. In addi t ion, 

the variation in concentration of U over the length of the rod and from rod 

to rod must conform to the same specif icat ion, 

THE KILOROD FACILITY 

The plant, though integrated, w i l l be discussed as three processing sections 
233 

for the sake of convenience (see Fig. 2), in section I impure U as metal oras 

uranyl nitrate solution is purif ied by solvent extract ion, removing decay products 
232 

of U and ionic impurities. In section II dense, homogeneous particles contain-
233 

ing U oxide-thorium oxide, suitable for vibratory compaction loading of fuel 

tubes, are prepared by the sol-gel process. The production capacity is 10 to 15 

kg of U oxide-thorium oxide per day. In section III the Z i rca loy-2 rods are 

loaded by vibratory compaction, sealed, cleaned, and inspected. This section is 

designed to prepare 10 to 15 finished fuel rods per day. 

Uranium-233 Purif ication Faci l i ty 

Fuel dissolution, feed preparation, and solvent extraction are carried on 

remotely in a processing cel l apart from the oxide preparation and rod fabrication 

fac i l i t ies. The cel l shielding Is 5 ft of barytes concrete. Provisions ore made for 

complete containment of solids and solutions and for c r i t i ca l i t y safety described in 

a later section. 
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Oxide Preparation and Rod Fabrication Facil i t ies 

The sol-gel oxide preparation and rod-fabrication process equipment 

(Fig. 3) is located wi th in a 20 x 19 x 27-f t c e l l , separate from the puri f icat ion 

fac i l i t y . This cel l is being used for secondary containment of radioact ivi ty 

that might escape from the cubicles. There are three operating levels provided 

wi th an enclosure of 4 .5 - in . armor plate or 8 - in . barytes concrete for gamma-

ray shielding and an a l l -we lded steel l iner for primary alpha-part ic le containment 

which completely surrounds and sails a l l operation space. Areas outside the 

shielding ore personnel access areas from which operations can be conducted 

semiremotely or remotely. Operation of the th i rd- level cubicle (the sol-gel 

process) w i l l be conducted by gloved access or by remote solution transfer. The 

rod-fabrication operations in the cubicles on the first and second levels w i l l be 

accomplished by Castle manipulators or gloved access. Located on one corner of 

the first level and extending to the top of the second level is the 4 - x 7-ft powder-

conditioning shaft. Direct ly adjacent to this shaft on the first level are three 

fabrication cubicles that extend along two walls. The first of these cubicles is 

used for vibratory compaction and welding, the second for decontamination, and 

the third for inspection. A gloved repair box is located on the second level ad ja 

cent to the powder preparation shaft and direct ly above the vibratory compaction-

welding cubicle and the decontamination cubicle. The box is equipped with a 

large bag-out port and a monorail crane that runs the length of the glove box and 

w i l l be used to l i f t and convey equipment. Access to the powder preparation shaft 

is through a door in the side of the shaft, whi le access to the fabrication cubicles 

is through ports In the f loor of the box. 

The fabrication cubicles have 20 windows; 31 ports are provided to a l low 

outf i t t ing wi th either gloves or manipulator tongs and al low interchange of gloves 

and tongs without loss of containment. The rod fabrication process is operated wi th 

nine manipulators and two glove ports. The remaining 20 glove ports are used for 

maintenance. 
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Uranium-233 Purif ication 

233 
Solvent Extraction Feed Preparation.—The sources of U for the Ki lorod 

Program are massive, 4-kg pieces of metal and uranyl nitrate solutions containing 
233 232 233 

60 to 150 g / l i te r of U . The U content of the U is 38 ppm. The radio

act iv i ty of the metal, at its surface, is 40 r/hr. 

The massive metal is broken then dissolved in 1,4 M thorium nitrate—4 M 

nitr ic acid in a 5- f t -d iam, 2000-l i ter vessel (Fig. 4). The adjusted solvent ex

traction column feed contains 5 g / l i te r of U (half that of the recommended 

safe maximum concentration), 200 g / l i te r of thorium, and 2.4 M HNOq. One 

complete dissolution of 4 kg of broken U metal required 40 hr. 

Solvent Extraction,—The solution feed for the extraction column is pumped 

into the midpoint of the pulsed contactor where the uranium Is removed from the 

downward-moving aqueous phase by two volumes of organic extractant per volume 

of feed solution (Fig. 5). The thorium in the feed serves two major functions in 

this operation: It provides salting strength and i t acts as a soluble neutron poison 

for c r i t i ca l i t y control. The uranium-bearing organic stream is then scrubbed as i t 

moves upward through 0.8 M A I ( N O O ) Q which is 0 , 4 M acid deficient in order to 

remove ionic contamination and entrained thorium, and It is then delivered to the 

stripping column. The aqueous waste stream contains less than 0 .01% of the uranium 

fed to the system. The uranium is removed from the organic phase with deminera-

l ized water in the stripping column. In the aqueous product, the concentration of 

uranium is 10 g / l i te r . This di lute product solution from stripping is passed through 

a static diluent wash column to remove traces of extractant which tends to hydrolyze 

to products troublesome to the sol-gel process while concentrating the di lute uranium 

product to 100 to 150 g / l i te r . 

Results of Runs to Test the Flowsheet and Equipment.— Feed solutions that 

contained tracer concentrations of U and others that contained 0.5 g / l i te r of 

U in addit ion to the other components specified by the U puri f icat ion f l ow

sheet were subjected to solvent extraction in the Ki lorod equipment. Results are 
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summarized in Table 1. The decontamination factors for gross gamma and for 

thorium easily met the specifications of TOO for gross gamma and 1000 for thorium. 

Table 1. Uranium-233 Purif icat ion; Results of Solvent Extraction Test Runs 

Ac t i v i t y 
Level 

Trace 

Intermediate 

Over -a l l D.F. 
Gross J 

100-130 

500 

Thorium 

1 x l O ^ 

°̂ 4 
2.5 x 10 

2 x 1 0 ^ 

Extraction 
Raffinate 

-

0.06 

Ur •anium Losses, 

Stripped 
Solvent 

-

<0.005 

% 

Evaporator 
Overhead 

_ 

0.35 

Section II - Oxide Preparation: The Sol-Gel Procesg ̂ ' 

Thorium Oxide Preparation.—Thorium oxide that is readily dispersible to 

stable sol particles of about 70-A-diam is prepared outside the fac i l i t y by means 

of a rotary steam denitrator. Crystall ine thorium nitrate containing 15 kg of ThO„ 

or thorium nitrate solution is charged batchwlse to the denitrator. The denitrator 

which is surrounded by electr ic heaters is rotated in a horizontal position whi le the 

temperature is increased over a 1-hr period to 180®C wi th f lowing heated air . About 

half of the water of hydration is removed by this treatment. The air is displaced by 

superheated steam which is passed over the rotating charge as the wal l temperature 

is raised to 475®C and held for 1 hr (6 hr total run time). The thorium oxide powder 

product contains a highly reproducible 0.025 to 0.030 moles of nitrate residue per 

mole of ThO„ (see Fig. 6). Over 700 kg of thorium oxide have been prepared for 

the Ki lorod program by this method. Uranium feed for the process w i l l be received 

into a 3- in . -d iam (cr i t ica l ly safe geometry) steel and glass vessel (Fig. 7). The 

normal batch size w i l l be 3 liters of solution (100 g of uranium per l i ter) which w i l l 
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be delivered from the solvent extraction system (located in the U puri f icat ion 

cel l ) . Measurement of the volume of uranium solution in this vessel must be pre

cise, therefore, a cathetometer is used. Also, the solution is sampled and analyzed 

for its uranium and nitrate content. 

The equipment to be used for demonstration and engineering evaluation of 

the sol-gel process is housed wi th in the cubicle on the third level (see Fig, 3). 

Sol Preparation.—Following volume and concentration measurement, the 

uranyl nitrate solution is transferred to a c r i t i ca l l y safe slab-tank blender. The 

mockup used in development of sol preparation is shown in Fig, 8. While rec i rcu

lating the solution and heating i t to SO'^C, preweighed ThO« powder is flushed wi th 

the correct amount of water through a funnel into the uranyl nitrate solution a d 

justed to a NOo / T h mole ratio of 0.077, then mixed and digested for about 1 hr 

to ensure its dispersion to a stable uranium thorium-oxide sol. The hydrogen ion 
-3 - 4 

concentration of the sol is then adjusted to 10 to 10 M (pH of 3.8 to 4) by the 

addit ion of 0.017 mole of N H . O H per mole of ThO«. The preparation of a stable 

sol, leading to a homogeneous oxide product, requires that the uranyl nitrate con

tain nitrate ion equivalent to an NO. , / T h O „ mole ratio of 0,077 and that the 

adjusted sol contain 0.017 mole of N H . O H per mole of ThO„ . Table 2 shows that 

excessive nitrate produces low-density, poorly compactible oxide particles having 

poor uranium distribution (e.g., the uranium tends to concentrate in the f ine 

particles). The use of ammonia overcomes these defects i f the N O - / T h mole ratio 

is not greater than 0 .1 . if the NOq / T h mole ratio is below optimum, the uranium 

w i l l also become maldistributed, and i f extremely low, the oxide particles w i l l 

lack density. 

Drying of Sol to Gel .—After dispersion the sol is pumped to the tray dryer 

(Fig. 7). A constant level overflow in the center of each of the trays distributes 

5 kg of oxide as sol to each tray. Each of the two compartments wi th in the dryer 

contains three trays, one to col lect spil lage. The batches of sol are then dried 

wi th sufficient preheated air to maintain a drying temperature of 80®C, The drying 
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Is complete in about 24 hr for a 10-kg batch of ge l , which breaks away from the 

walls and sides of the trays and forms fragments from 1 cm in size down to 150 fj. 

The two trays are then removed with specially designed tools and placed into the 

tray dumper. This unit was designed to el iminate the dusting problems involved 

In transferring dried gel to the alundum crucibles for subsequent operations. 

Table 2. Effects of Sol Adjustment on Qual i ty of Sol-Gel Product 

Results from typical development runs, producing 7-kg batches 
of 3% uranium-thorium oxides 

Conditions in Sol 

Moles NOo Moles N H , 
Added per' 
Mole ThO, 

Added per" 
Mole ThO, 

Properties of Product 

Density, % o f Theoretical U Distribution in 
Product, % deviation 

pH Particles 

Vibrator i ly 
Compacted 

Solid 

from mean U/Th mole 

rat io 

Coarse Fine 
Particles Particles 

0.077 

0.093 

0.080 

0.067 

0,017 

0 

0.020 

0 

3.92 

2.90 

3.80 

3.31 

99.5 

96.5 

98.6 

99.3 

91.0 

86.0 

87,8 

90.6 

+0,03 

-4.37 

-0.40 

-1.62 

-0.03 

+6.58 

+1.56 

+1.75 

Pycnometric method, using toluene. 

Calcinat ion of the Dried Gel to Oxide.—The crucibles are placed in a 

calc ining furnace. The temperature is increased from 200 to 500®C at the relat ively 

slow rate of 100®C/hr to eliminate nitrogenous gases, C O ^ , and H „ 0 without 

shattering the ge l , and then at 300°C/hr to I ISO^C, at which temperature i t is 

calcined In air for 1 hr to densify the ge l . The air is then swept from the furnace 

retort wi th argon, and the calcinat ion is continued for 4 hr in noncombustible 4% 
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H^"—argon to reduce higher uranium oxides to U O „ , It is then cooled to 200®C 

under argon and removed from the furnace. After further cooling to room tempera

ture, i t is discharged through a 1/2- in. screen to the rod-fabricat ion system. 

During calcinat ion only minor degradation of particles occurs. Process 

development now in progress shows that the drying and calcinat ion steps can be 

simplif ied and made continuous, and that part ic le-size control adequate for 

vibratory compaction is feasible without grinding and sizing. With good furnace 

atmosphere control , satisfactorily low O / U ratios (2,05) are achievable wi th puri f ied 

argon containing no hydrogen. 

Results of the Operat ion.—A total of about 100 kg of 3% uranium (depleted)-

thorium oxides has been processed through the sol-gel cubicle in a series of twelve 

test runs. The runs were made to test equipment, to train operators, and to determine 

whether product specifications could be met in existing equipment. After di f f icul t ies 

wi th high residual gas content and high O / U ratios in products of early test runs, 

minor modifications to the equipment were made, and in the last two test runs product 

specificgtions were met. 

Section HI - Rod Fabrication • 

Rod Fabrication Process,—The procedures employed to fabricate the fuel rods 

have already been outl ined (Fig. 2), and the locotion and arrangement of the appara

tus wi th respect to the fac i l i t y has been presented (Fig. 3). 

The size distribution required to achieve maximum density by vibratory com

paction, using the sol-gel product, now appears to be a mixture of three size fractions: 

a coarse, a f ine, and an intermediate fract ion. As seen in the f low diagram for the 

complete Kilorod fac i l i t y (Fig, 2), these fractions are produced by crushing, classify

ing, and bal l mi l l ing the product of the sol-gel process. Following comminution and 

classification of the bulk fuel into the three working fractions, appropriate quantities 

of each fract ion for loading one fuel rod are blended. 

In the vibratory-compaction operation, the blended fuel is loaded Into a fuel 

tube, to which has been attached one end plug, and vibrated to the specified 
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density. This loaded fuel tube is transferred to a welding f ixture where the f inal 

end-closure weld is made and visually inspected. 

Following the visual inspection, the loaded and sealed fuel rod is decon

taminated by ultrasonic cleaning in water and then a "smear" or "w ipe" sample 

is taken in order to determine the level of surface contamination. The integrity 

of the end-closure weld is evaluated by helium leak testing, and the density of 

the fuel is determined wi th a gamma-absorption scanning device. Final ly, the 

hanger f i t t ing is attached prior to loading into a shipping cask. 

Rod Fabrication Equipment 

Because of the experimental nature of the equipment, several pieces were 

tested and evaluated under simulated conditions outside of the ce l l . The powder 

preparation equipment, due to its complexity, was tested in a mockup using 

depleted-U oxide-Th oxide (U to Th wt ratio of 3/97) produced by the sol-gel 

process. The other pieces of equipment were evaluated under similar test cond i 

tions, but without the use of the oxide. A number of flaws in the equipment were 

detected by the mockup experiments. These were corrected before the equipment 

was installed in the fac i l i t y . 

Powder Preparation.— The power-preparation equipment was designed to 

afford maximum dust confinement and to use gravity feed for transporting the fuel 

through pipes from one equipment unit to the next. A i l the equipment in the powder-

preparation shaft (Fig. 9) is remotely control led either e lect r ica l ly or by f lex ib le 

shafts. Minor repairs to the equipment can be made in place through glove access 

ports. To fac i l i ta te making major repairs, the equipment is mounted on movable 

racks in the front half of the shaft. The defective piece of equipment can be removed 

by pushing the equipment rack to the rear and l i f t ing the piece wi th a hoist to the 

glove maintenance area on the second floor. 

Located on the top rack of the shaft is the jaw crusher and ball m i l l . The jaw 

crusher is a standard laboratory-size uni t , modified for dust containment. Directly 

above the jaw crusher is a valve used to control the rate of feed. The ball mi l l uses 
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Fig. 9 . Kilorod Faci l i ty Powder Preparation Shaft. 
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an alumina grinding jar and a single-rol l mi l l incorporated in a device that allows 

f i l l i ng , gr inding, and discharge whi le maintaining a seal from the cubicle atmosphere. 

The classifier, located direct ly below the jaw crusher and bal l m i l l , continuously 

classifies the feed material into dispensing hoppers. The rate of feed to the classifier 

is control led either by the feeder valve control l ing the feed to the jaw crusher or by 

a feeder valve control l ing the feed rate from the ball m i l l . Six transparent glass 

storage hoppers, three for the working fractions and three for the recycle fractions 

are located around the base of the classifier. The three recycle hoppers are connected 

direct ly to a recycle manifold. The recycle manifold empties into a recycle hopper 

used to convey material to the jaw crusher or the ball mi l l for recycl ing. 

Directly below the classifier is a remote weigher by means of which exact 

quantities of each of the working fractions are obtained. As each fraction is 

weighed, i t is dumped direct ly into the blender located below the weigher. The 

blender is a V- type blender modified to fac i l i ta te loading and discharging. 

Vibratory-Compaction Apparatus 

The uniformity wi th which a fuel tube is loaded and the r ig idi ty wi th which 

the tube is held during vibration are the two important considerations in the design 

of vibratory-compaction apparatus. The vibratory-compaction equipment (Fig. 10) 

consists of two main components, the tube- f i l l ing assembly and the chuck assembly. 

The tube- f i l l ing assembly is located in the power-preparation shaft at the upper 

right corner of the vibratory-compaction welder cubic le, but i t is separated from i t 

by a Nylon iris valve. The fuel tube is inserted through the iris into the f i l l e r 

mechanism. 

The tube- f i l l ing assembly consists essentially of a hopper into which blended 

fuel is received and a vibratory feeder which enables close control of the fuel feed

ing. Also included in this assembly is a funnel for directing the fuel into the tube 

without spreading dust, and a mechanism for applying a static load to the fuel column 

during vibrat ion. The static load mechanism consists of a rack gear connected d i 

rectly to a load and a disengageable pinion gear that enables the lowering of the 
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static load onto the fuel column. The rack gear also serves as a direct means of 

measuring the height of the fuel column in the tube. 

The vibrator-chuck assembly consists of an anv i l , to which the chuck is 

attached and through which the vibrational energy is transmitted, and a "Bronford" 

variable-impact vibrator. The chuck employs cam-actuated sliding tapered jaws. 

When the chuck is closed on the fuel rod, the tapered jaws engage the matching 

end plug of the rod, making a r igid connection. The chuck and anvi l are placed 

inside the cubic le. To al low convenient servicing, the vibrator is located outside 

the cubic le. The vibrator is sealed from the cubicle by a Neoprene diaphragm. 

End~Cap Welding Machine 

The vert ical end-cap welding machine (Fig. 11) was specif ical ly designed to 

weld the top end plug onto the fuel rod by a fusion l ip weld. The unit is also 

equipped with a press for seating the top end plug on the fuel rod immediately after 

the rod has been evacuated and backf i l led with helium. The welding machine is 

comprised of two main components, an elevation mechanism and the welding 

chamber. 

The elevation mechanism employs a synchronous drive motor and a lead 

screw arrangement for inserting the fuel rod into the welding chamber. The 

elevator also actuates a vacuum seal around the fuel rod as i t is seated in the 

welding chamber. 

In the welding chamber is located the helium-arc torch and the end-plug 

press. The press uses a lead screw and a synchronous motor drive arrangement for 

inserting the end plugs. The torch is positioned by two h igh-rat io , lead-screw motor 

arrangements. During welding the rod is rotated by a constant-speed motor. 

Decontamination Equipment 

A 1-kw ultrasonic cleaner is used to decontaminate the completed fuel rods 

one at a time. The cleaner is equipped with a cover that embodies a mechanism 
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for holding and rotating the rods during cleaning. The cleaning, which is 

manually control led, consists of f i l l i ng , cleaning, emptying, spray-rinsing, and 

drying, 

Helium-Leak Detection System 

The welded and decontaminated rod is checked for leak tightness wi th a 

mass spectrometer helium-leak detector. The system includes a chamber In which 

the end of the fuel rod is sealed, a standard leak, the leak detector, and a roughing 

vacuum-pump station. Particle f i l ters are used to isolate the vacuum chamber for the 

rod from the pumping and detection station. 

Density Scanner 

The density of each rod is determined by means of a gamma-absorption scanning 

device. The scanner consists of a I -cur ie Co source, col l imated through a 

1/8- X 3 / 8 - i n . longitudinal slot, and a detecting crystal wi th its associated power 

supply, ampli f ier, and recorder. A trol ley is provided to drive the fuel rod through 

the col l imated beam at a constant rate. 

Shipping Cask 

The shipping cask, which is designed to hold 132 rods, is loaded in the hor i 

zontal position in the fac i l i t y and then discharged ver t ica l ly at its destination. For 

loading, the cask is held on a dol ly In the horizontal position and secured to the 

cubicle door wi th turnbuckles. The latt ice structure which is provided in the cask 

to position the rods is part ia l ly inserted into the loading cubicles to fac i l i ta te load

ing by tongs. After loading, the latt ice is retracted into the cask, the top secured, 

and the cask removed by means of an overhead crane. During production two casks 

w i l l be used in a shuttle system. 
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Safety in the Ki iorod Faci l i ty 

Cr i t ica l i ty .— The major c r i t i ca l i t y hazard in the Faci l i ty is one of a c c i 

dental c r i t i ca l i t y excursions In the solvent extraction system. To minimize this 

hazard, several c r i t i ca l i t y safeguards have been included by equipment design 

and process control. In the other sections where ThO„ is mixed wi th the uranium 

in the U/Th ratio of 3 /97, the cr i t ica l mass of fuel is greatly increased by neutron 

poisoning due to the high thermal neutron absorption cross section of thorium. The 

two pieces of equipment in the oxide preparation section (the metering tank and 
233 

sol preparation tank) where U solutions exist unpoisoned by thorium in sufficient 

concentration to offer a c r i t i ca l i t y hazard are geometrically safe. The capacity of 

the oxide preparation and rod fabrication fac i l i t ies for the mixed oxide fuel is not 

great enough to generate a c r i t i ca l i t y hazard. 
233 

The total mass of U al lowed in the solvent extraction system is l imited. 

Concentration control of process solutions is l imited to a maximum of 10 g / l i te r of 

uranium except in the geometrically safe evaporator (100 to 150 g / l i t e r ) . The con

centrated product is stored in a vessel containing 4% boron pyrex raschig rings. 

The uranium concentration l imitat ion is control led by a series of f low-rate controls 

and alarm devices. The uranium concentration in the organic streams is control led 

by l imi t ing the concentration of the extractant [2 .5% di-sec-butyl phenylphosphonate 

(DSBPP)J in the diethylbenzene (DEB) di luent. Saturation of the extractant by uranium 

Is only 10 g / l i te r . 

As a f inal safety feature, 4%-boron pyrex raschig rings were placed In process 

vessels not having c r i t i ca l l y safe geometry, expanded pulsed-column sections, and 

process cel l sumps. 

Radiation Safety of the Faci l i ty 

One of the major objectives of the Kiiorod program is to determine radiation 

doses sustained by the workers in performing each task. Estimates have been made 

of gross gamma dose rates expected from the steps in oxide preparation and rod 
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fabricat ion in the Kiiorod process. The data obtained from the actual operations 

w i l l be compared wi th the estimates to fac i l i ta te rel iable scoleup for higher 

U levels. The level expected for U products from pressurized water 

reactors such as the Consolidated Edison is about 400 ppm of U for the first 

fuel cycle to 4000 ppm for many cycles. 

The solvent extraction system is remotely operated, therefore exposure 

levels are minimal and have not been considered. The estimated exposures take 

into account the probable Increase in contamination associated wi th each new 
232 

batch, the buildup of gamma-emitting decay products from the U , the estimated 

average distance of hands and arms from the radioactive material, and the probable 

time of exposure for each operation. 

The cel l fac i l i t y vent i lat ion system was designed so that cubicles w i l l be 

maintained at pressures below atmospheric, through the use of existing vent i lat ion 

systems in the v ic in i ty of the ce l l . The cel l is maintained at -0.3 in . pressure 

(water gage) with respect to atmospheric, and the cubicles are maintained, in turn, 

at a pressure of -0.3 In. (water gage) wi th respect to pressure wi th in the ce l l . A l l 

a ir entering or leaving the cel l and cubicles is f i l tered wi th high eff ic iency f i l ters. 

Cubicle and cel l pressures are control led by manually operated dampers and safe

guarded wi th backflow preventers and differential pressure alarms and Indicators. 

PROPERTIES OF SOL-GEL OXIDES 

Some chemical and physical properties that are typical of satisfactory 

uranium-thorium oxides are presented (Table 3) for a large batch especially pre

pared by vibratory compaction of the oxide into stainless steel tubes. The uranium 

content is higher than that of the oxide prepared for the Kiiorod program, but i t 

has been found that this does not signif icantly affect the ou t -o f -p i le properties 

unless i t is above 10 mole %. In a l l other respects the batch was typical of so l -

gel products. 
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Table 3. Properties of Typical Sol-Gel Uranium Thorium Oxide, 35 G-2 

Property Unit Quant i ty 

Uranium content (highly enriched) 

Thorium content 

U/(U + Th) ratio (mean) 

Deviation of U/(U + Th) ratio 
from mean ratio 

Coarse particles, - 6 + 1 6 U.S. mesh size 
Medium particles, -50 + 140 U.S. mesh size 
Fine particles, -200 U.S. mesh size 

Carbon content 

0 / U ratio 

Sized 
Unsized 

0 / ( U + Th) rat io, sized 

Total gases released by heating 
in vacuum to 1200®C 

Sized 
Unsized 

BET surface area 

Sized (ground and bal l -mi l led) 
Unsized (as calcined) 

Density 

Particle 
Bulk (vibratori ly packed) 

% by wt 

% by wt 

mole ratio 

5.11 

82.14 

0.0653 

% 

ppm 

mole ratio 

mole ratio 

0,0 
-0.05 
-0.05 

47 

2.031 
2.035 

2.002 

std cc /g 

2 / 
m / g 

g /cc 

0.101 
0,005 

0.213 
0,005 

9.91 
8,95 

Prepared for in -p l le irradiation test capsule. 

Determined pycnometricaliy by toluene immersion. 
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Homogeneity 

As shown by the low deviation of the U/(U + Th) mole ratio from the mean 

(0.05%or less), the uranium was wel l distributed throughout the mass of the batch 

even though some of the large particles were comminuted to small ones. The 

densities likewise were the same for a l l part ic le-size groups. The similari ty of 

O / U ratios for sized and unsized oxides Is also evidence of homogeneity. 

Photomicrographs of polished specimens (Fig. 12) fa i led to show grain 

structure or inclusions at a magnif ication of 150X. Etching brought out the 

presence of extremely fine crystallites but no grain boundaries at 500X magni

f icat ion. An extremely f ine, wel l distributed porosity was shown from par t ic le-

density determinations to be disconnected from the surface and to occupy less 

than 1%of the volume of the oxide. Figure 13 is an electron photomicrograph 

at 20,000X of a carbon replica of the fractured surface of a part icle of 5% 

uranium oxide-thorium oxide and shows grains of 5000 to 7500 A size that are 

nearly perfectly f i t ted together. The surfaces of some of the grains also suggest 

some uniformly distributed mlcroporosity, Petrographic and x-ray dif fract ion 

measurements indicate that sol-gel uranium oxide-thorium oxides are single-

phase solids. 

Suitabi l i ty of Sol -Gel Oxides as Reactor Fuels 

Sol-gel oxide particles (Fig, 14) consistently have densities greater than 

99%of the theoretical density, in vibratory compaction,tubes up to 4 ft long 

can be consistently loaded to 89-90%of theoretical density. In a large batch 

which was exhaustively analyzed, the total ionic impurities were 1050 ppm, of 

which 640 ppm col lect ive ly were aluminum, iron, and sodium. The macroscopic 

thermal neutron absorption cross section of the total impurities was equivalent 

to that of 5 ppm of boron. When heated to 1200®C in vacuum, the volumes of 

gases evolved are from 0.003 to 0.05 std cc /g for unground oxide. For oxides 
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Fig. 12. Photomicrographs of Sol-Gel Uranium-Thorium Oxides, (a) As 
polished, 150X; (b) etched with boi l ing H N O ^ - H F , 500X. Reduced 18%. 
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ground in air , the volumes evolved are about 0.1 std c c / g . The oxides tend to 

pick up H_0 and CO_ in contact with air, but are not oxidized at temperatures 

below 200°C. 

In a comprehensive irradiation testing program being conducted at Oak 

Ridge National Laboratory, 27 specimens are being irradiated at burnups up to 

100,000 Mwd/ ton of total metal, at heat ratings up to 60,000 Btu/hr f t , and at 

center line temperatures up to 2500*'C. Examination of 17 of the specimens show 

no dimensional changes, negligible sintering of the fine particles, and Kr re

leases of 0.5 to 2.5% for 17,000 Mwd/ ton burnups. 

F lex ib i l i ty and Adaptabi l i ty of the Sol-Gel Process 

Sol-gel oxides hove been formed Into spheres from 50 JJ up to 5 mm in 

diameter (see Figs. 15 and 16). Shrinkage of the gel can be control led by f i r ing 

it at various temperatures. This property may be useful In incorporating them 

into various matrix materials, e.g., BeO. 

Various components other than uranium have been incorporated into thoria 

sols. Plutonium-thorium oxide has been prepared and Is now being irradiated. 

The latest application of the sol-gel technology has been the preparation 

of thorium dicarbide and uranium dicarbide In either irregularly shaped or 

spherical particles at maximum operating temperatures of 1550 to 1700'*C. The 

sol-gel process described In this paper was used to prepare the precursor oxide 

sols. High-surface area carbon is added in a mole ratio (C/Th) of from 4.3 to 5. 

The sol Is formed into spheres by dispersion in carbon tetrachloride to extract 

water from the sol. After further drying in air , the spheres are f i red in vacuum 

or In argon. Figure 17 shows the oxide-carbon gel spheres before f i r ing, and 

Fig. 18 shows the thorium dicarbide spheres after f i r ing. An attempt Is being made 

to extend this principle to the preparation of sol-gel uranIa and uranium dicarbide 

on a laboratory scale (Fig. 19). 



UNCLASSIFIED 
PHOTO 59580R 

(U-Th) O2 

9.93 g/cc 
0.005%/hr 
0.05%/hr 

Density 
Attrit ion loss rate (St. Test) 
Acceptable rate 

Th02 

9.87 g/cc 
0.04%/hr 
0.05%/hr 

CO 
O i 
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