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SUMMARY 

Research and development work on the grind-burn-leach process has 

continued. 

A jaw crusher has been designed and built for crushing 12-rod fuel 

elements. Experiments to date have indicated that a jaw crusher breaks 

the fuel to an acceptable size range without breaking an unacceptable 

fraction of fuel particles. 

Tumbling and screening has been shown to be a good method of sep

arating the crushed material into two streams: a graphite-rich and 

a fuel-particle-rich stream. This operation allows the utilization of 

two fluidized bed burners, a large one for graphite and a smaller one for 

fuel particles. Tumbling is fast and easy, but trials on irradiated fuels 

must be carried out before final conclusions can be drawn. 

Burning has been carried out in fluidized beds. All types of fuel 

and graphite have been tested and present no insoluble difficulties. 

Leaching trials have been carried out in a 1-liter leacher. Burned 

BISO and ground, burned TRISO fuel particles have been successfully leached, 

Although the rate of dissolution is acceptably high, work must be done on 

irradiated fuel before final conclusions can be drawn. 

-LEGAL NOTICE 
This report was prepared as an account of work 
sponsored by the United States Government Neither 
tSe United States nor the United States Atom.c Energy 
CommUsion, nor any of their employees "or any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
Ug^ liaWlity or responsibUity for the accuracy, com-
oTeteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 
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INTRODUCTION 

The economics of a 15,000-MW(e) high-temperature gas-cooled reactor 

(HTGR) fuel cycle strongly favor the construction of a reprocessing plant 

for handling only HTGR fuels (Refs. 1-3). The dissimilarities between such 

a plant and one for reprocessing metallic-sheathed fuel elements from water 

reactors lie almost exclusively in the area of preparing the fuels for chemical 

separation, i.e., the head-end treatment. The most favored head-end treatment 

method is the grind-burn-leach process (Refs. 4-8), which is the basis of 

the development work programmed in Section 5100 of the National HTGR Recycle 

Development Program Plan (Ref. 9). Initial work at Gulf General Atomic to 

develop the grind-burn-leach process was described in Ref. 10. Subsequent 

progress is described in this report. 

Figures 1 and 2 show the conceptual flow sheets for reprocessing TRISO/ 

TRISO* and TRISO/BISO** pitch-bonded fuel elements, respectively. Briefly, the 

fuel element is crushed to liberate the fuel rods from the graphite block, 

and the broken pieces are then tumbled and screened. This operation divides 

the process stream into two parts, one containing the larger fraction of fuel 

particles and the other containing the larger fraction of graphite. The 

fuel particles are then burned in a fluid bed burner to remove the carbon, 

and the graphite is burned in a larger fluid bed burner. The ash from the 

graphite burner is fed into the particle burner so that any uranium that 

accompanied the graphite will be recovered. If the feed to the plant is 

TRISO/TRISO fuel, the product from the burner is screened to separate the 

fissile from the fertile particles and the fissile particles are stored. 

The fertile particles are ground, burned, and leached to prepare the feed 

for solvent extraction. If the feed to the plant is TRISO/BISO fuel, the 

*TRISO/TRISO refers to the fuel containing a mixture of TRISO fissile 
and TRISO fertile fuel particles. 

**TRISO/BISO refers to the fuel containing a mixture of TRISO fissile 
and BISO fertile fuel particles. 
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product from the burner is screened to separate the fissile particles and 

oxide powder (from the burned BISO particles) from the incompletely burned 

BISO particles. The latter are recycled to the burner. The mixture of fissile 

particles and oxide powder is burned to reduce the carbon concentration prior 

to leaching. Each unit process on the flow sheets is being tested in the 

laboratory at a scale of about 1 kg or more per hour. 

The reference fuel for the llOO-MW(e) HTGR is presently the TRISO/BISO 

pitch-bonded type, and most of the reprocessing development work is being done 

on this type of fuel. The TRISO/TRISO pitch-bonded type fuel will be used 

in the Fort St. Vrain HTGR and will also be used as feed for hot pilot-plant 

studies in the TURF facility at Oak Ridge National Laboratory. For this 

reason, cold development work on this fuel will continue at Gulf General 

Atomic. 
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EXPERIMENTAL RESULTS 

CRUSHING 

Two 12-rod fuel elements (Fig. 3) containing resin-bonded TRISO/TRISO 

fuel rods were crushed in a 5-in. by 6-in. jaw crusher with the minimum 

possible jaw gap of 1/4 in. closed and 3/4 in. open. Examination of the 

crushed material revealed that a large fraction of the rods had been broken 

into lengths which did not pass through a 1/2-in. screen. The flow sheet 

for the crushing and screening process and the results obtained are shown 

in Fig. 4. It was concluded that the jaw gap must be set at a maximum of 

7/16 in. so that a fuel rod, measuring 0.492 in. in diameter, will be crushed 

and hence facilitate the separation of fuel particles from graphite during 

subsequent screening. The fraction of broken particles was acceptably low 

at 0.14%. 

An added complication which became apparent during crushing was that 

the fuel elements moved up and down when the jaws closed and opened. The 

measured angle between the faces was 17-1/2 degrees. Experiments performed 

using two plates of smooth steel hinged at one end showed that to guarantee no 

slip when crushing graphite, the maximum angle that could be used was 11 to 

13 degrees. 

Based on these results, a jaw crusher was designed and built. It is 

large enough to handle a 12-rod fuel element, has a jaw angle of 11 degrees, 

and features a jaw gap that is adjustable from zero to 2 in. This machine 

will be operated after it has been joined to the off-gas filtration system. 

TUMBLING AND SCREENING 

The objective of the tumbling and screening step is to separate the 

product from the crusher into two parts: a graphite-rich stream containing 
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as few fuel particles as possible, and a fuel-particle-rich stream containing 

as little graphite as possible. A diagram of the tumbling machine is shown 

in Fig. 5. The drum, covered with l/4-in.-mesh woven cloth, is rotated at 

24 rpm. Flights inside the drum lift the feed and allow it to fall, thus 

causing attrition. The -1/4-in. pieces fall through the mesh into the fines 

product hopper, whereas the +1/4-in. pieces are retained in the drum until 

the disk is withdrawn from the drum end. The coarse material then falls into 

the coarse product hopper. When a mixture of crushed graphite and bonded 

rods is used as fuel, some of the graphite is recovered free of particles, 

and the rods, which convert more readily to single particles and particle 

agglomerates through attrition, are recovered containing some graphite. Dust 

created during operation is removed through the exhaust duct. 

The results of tumbling and screening some crushed resin-bonded TRISO/ 

TRISO fuel elements are given in Fig. 6. It can be seen that virtually all 

the fuel particles had passed through the screen in 35 min. After tumbling 

for 65 min, all the fuel particles were collected in the -1/4-in. fraction 

and were accompanied by 18% of the graphite. The remaining 82% of the 

graphite was recovered as the +l/4-in. fraction. Of the total weight of 

burnable carbon (i.e., graphite, outer pyrolytic carbon, and matrix), 29% 

accompanied the particle stream and 71% the graphite stream. This 

result indicates that the graphite and particle fluidized bed burners shown 

on the flow sheet in Fig. 1 would have to have throughputs of 75 and 30 kg/hr 

respectively. The attrition rate of graphite during tumbling, shown in 

Fig. 7, settles down to an average value of 6%/hr. Particle breakage during 

tumbling, shown in Fig. 8, averages 1.2%. Analysis of the broken particle 

residue indicated that the ratio of the number of broken fertile to fissile 

particles was 2.8. 

A noteworthy point during all four runs was that blinding of the screen 

was virtually zero. Two lumps of graphite had to be pressed out from the 

screen at the end of the four runs. Vibration of the drum appeared to shake 

lumps out of the holes during rotation. 
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The applicability of tumbling and screening as a unit process in the 

head-end flow sheet depends on the difference in attrition rate between 

graphite and fuel rods after irradiation. If trials on irradiated material 

at a later date (i.e., when this material becomes available) show that 

separation cannot be achieved or cannot be achieved without unacceptably 

high particle breakage, it may be necessary to eliminate the tumbling step 

and burn the whole of the product from the crusher in a large particle burner, 

FLUIDIZED BED BURNING 

Two-Inch Reactor 

The 2-in. reactor (Fig. 9) was constructed in order to gain experience 

in fluidized bed burning. All experiments have been carried out using a 

mixture of -1/8-in. graphite and -90/+120 mesh alumina. Start-up was 

achieved by electrically heating the bed to about 700°C and then starting 

the oxygen flow. When combustion commenced, the electrical heater auto

matically switched off and heat was radiated from the reactor wall. After 

20 runs it was concluded that: 

1. Burning was fairly uniform up to the maximum bed height of 20 in., 

judging by the red-hot reactor wall. 

2. The middle bed temperature could be maintained at 650° to 850°C. 

3. Combustion was difficult to reinitiate if the temperature dropped 

below 600°C. 

4. The carbon concentration will burn down to 0.5% in the alumina before 

the temperature falls below 750°C owing to lack of fuel. 

5. Batch addition of feed causes the bed temperature to slump; 

continuous addition enables a more constant bed temperature to 

be maintained. 

13 
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6. Smoothest operation was obtained with a bed depth between 12 

and 20 in. 

7. Oxygen utilization exceeds 90% under optimum operating conditions 

of temperature and carbon concentration. 

8. A burning rate of 3.5 g/min was achieved without difficulty. 

Before retiring the 2-ln. fluid bed burner, the last few runs were 

directed toward perfecting an in-bed CO/0„ burner for bed ignition. CO 

was chosen so as to obviate the formation of water vapor during combustion. 

The start-up procedure is as follows. CO and 0„ are introduced into a 

mixing chamber, where two spark plugs cause ignition. Combustion takes 

place in the mixing chamber and the flame enters the fluid bed. It heats 

the bed to ignition temperature and is then made progressively richer in 

oxygen until the bed ignites. The CO is turned off when fluid bed burning 

is under way. Since quick ignition is facilitated by a small initial bed, 

feed addition begins just after ignition, and the bed is readily built up 

to the desired height. 

Four-Inch Reactor 

A 4-in. reactor has been installed and is being used to attain the 

following primary objectives: 

1. To determine the throughput of carbon, with and without an inert 

fluidizing medium 

2. To determine the fraction of broken fuel particles caused by burning 

3. To determine the minimum concentration of carbon that can be 

achieved in the burner product 

4. To define the best type of gas distributor for use at the base of 

the reactor 
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5. To decide whether it is better to feed the solids on top of or 

into the base of the fluidized bed 

6. To determine whether to dump blowback fines on top of or feed 

them into the base of the fluidized bed 

7. To determine the heat balance 

8. To observe any difference in operation when feeding TRISO/TRISO 

pitch-bonded fuel, TRISO/BISO pitch-bonded fuel, and graphite 

9. To decide on batch or continuous operation 

The less important objectives pertain to methods of solids feeding, 

off-gas analysis, oxygen utilization, temperature of operation, materials 

of construction, heat removal, methods of automatic control, etc. 

A diagram of the burner is shown in Fig. 10. The heat exchanger, 

reactor, clam-shell jacket, and cone base are made of stainless steel. 

All other parts are made of carbon steel. A ball in the cone prevents 

grains of bed material from blocking the gas inlet pipe. Solids are 

presently fed to and taken from the reactor by means of variable-speed 

screw transporters. Start-up is achieved by igniting a 450-g bed of 

-20/+100 mesh coke with the C0/0„ flame; and when the center bed temperature 

reaches 800°C, the oxygen rate is increased and the CO rate gradually de

creased to zero. The solids feed is then started and the bed built up to 

operating weight. The advantage of this start-up method is that the 

reactor wall is not covered by an electric heater and can be observed, 

thus giving an indication of the uniformity of red-heat distribution. 

Another advantage is that the reactor can be brought up to operating tem

perature in 20 min, as compared with about 2 hr with the electrically 

heated 2-in. burner. 

The work done using the 4-in. reactor can be divided into four fuel 

feed categories: TRISO/TRISO, TRISO/BISO, crushed graphite only, and 

miscellaneous. 
16 
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Experiments have been carried out using a feed of crushed TRISO/TRISO 

fuel rods mixed with graphite. No major difficulties were encountered. It 

was found that combustion proceeds smoothly provided that the bed is fluidized. 

If the bed defluidizes because of insufficient gas flow rate, local high 

temperatures arise in the space of a few seconds and melt the stainless steel 

reactor wall or thermowell. Loose TRISO/TRISO fuel particle mixtures have 

also been burned, with and without an inert fluidizing medium. Again, no 

difficulties were encountered. It was found that because SiC-coated particles 

behave as an inert fluidizing medium, no advantage was gained by adding alumina 

to the bed. In these experiments, burning rates of '̂ 27 g carbon/min were 

achieved, but this does not represent an upper limit. During continuous 

operation, the carbon concentration in the product varies between 0.5% and 

2%. 

Experiments with TRISO/BISO crushed fuel rods mixed with graphite showed 

that the release of thoria powder to the bed had a profound effect on the 

burning operation. It was found that the accumulation of -420-micron material 

up to about 30% of bed weight caused combustion to cease even though an 

adequate supply of carbon was available. Close examination of this effect 

showed that a solution to the problem was to screen out the -420-micron 

material and return the +420-micron material to the bed. Under these con

ditions, operation could be maintained. Removal of carbon from the -420 

fraction was then achieved by batch burning it in a fluidized bed using an 

inert fluidizing medium. This step required heat input to the reactor and 

was carried out in the 2-in. burner. The final concentration of carbon in 

the product was 0.22%. 

Experiments with graphite have shown that it is not necessary to add an 

inert fluidizing medium. Provided that the gas flow rate is sufficient to 

give good fluidization, combustion is uniform throughout the bed. The high

est burning rate achieved to date is 72 g/min for 37 min. The gas flow rate 

was 200 liter/min, and the solids feed size was -3/16-in. mesh. 

When the results of this work with the 4-in. fluidized bed are compared 

with those of others (Refs. 11,12,13), it is seen that our bed temperature of 

18 



950° to 1040°C is higher then their 750°C bed temperature. If the bed 

center temperature drops below 850° , it is very difficult to retrieve 

combustion. This disagreement will have to be resolved. 

Some miscellaneous runs have been performed: 

1. Secondary oxygen was introduced just above the bed to reduce the 

fines carry-over to the cyclone. The results showed very clearly 

that this step made no measurable difference. 

2. Fines fed into the bottom of the bed were completely burned. 

3. Measurement of the heat balance in a run showed that 324 kcal/min 

out of a total of 460 kcal/min were removed by the cooling air 

passing through the clam-shell cooler. The calculated heat transfer 
2 

coefficient from the outer wall to the gas was 34 Btu/hr-ft -°F. 

LEACHING 

After TRISO fertile fuel particles have been burned and screened to 

separate them from the fissile particles, as shown in Fig. 1, they are 

ground to rupture the SiC layer, burned to convert the carbide kernel to 

oxide, and leached in Thorex liquor to obtain a nitrate solution. As shown 

in Fig. 2, BISO fuel particles do not require the grinding step because 

the kernel is exposed after the first burn. 

Both of these particle systems have been subjected to leaching trials 

in the leacher shown in Fig. 11. This leacher can be operated either 

"batchwise" or continuously. When operated "batchwise," stage 1 is charged 

with 1 liter of Thorex liquor and heated to 115°C. The airlift is started, 

and the batch of solids feed is introduced down the airlift return line. After 

the whole batch has been drained and stirred, a solution sample is taken. 

The batch is then replaced and dissolution is continued. Continuous 

operation is carried out by charging stage 1 with 1 liter of Thorex 

Thorex liquor consists of 37.5 g Al(N03)3-9 H2O, 1.0 ml of 48% HF, 
70% nitric acid added to make 1 liter of solution. 

19 



n 
PRODUCT 

V 

SECOND 
STAGE 

y 
^=8fc 

TO 
CONDENSER 

CLEAR 
SOLUTION 

SLVRRY 
FEED 

SLURRY 

FIRST 
STAGE 

ACID FEED, 100°C 

Fig. 11. Leacher 

20 



liquor and stage 2 with water. Both stages are then raised to operating tem

perature. Solids feed is metered into the airlift return line, and hot 

Thorex liquor is metered in below the bed of solids. Samples of product 

are taken from stage 2. 

Numerous leaching experiments were performed, but the following four 

are of particular interest: 

1. A 240-g batch of ground, burned TRISO fertile particles was leached; 

96% of the thorium dissolved in 30 min, and 98.6% in 150 min. 

2. Many small batches of burn''d BISO particles were added sequentially 

to 1 liter of Thorex liquor, a new batch being added when the 

previous batch was on the point of complete dissolution. The 

result is shown in Fig. 12. The effect of the HF in the liquor 

is observed as a dramatic increase in the reaction rate. It is 

also apparent that the dissolution rate does not decrease markedly 

as the solution concentration increases. The crystallization data 

show that the design thorium concentration of 264 g ThO„/liter 

is well below that at which crystals form at room temperature. 

3. A continuous experiment was performed using ThO„ calcined from 

oxalate, with an average particle size of 1 micron. This material 

was used instead of burned BISO particles because of the short 

supply of the latter. The results are shown in Fig. 13. The liquor 

rate was maintained at 25 ml/min, and the solids rate was varied 

to give three different dissolution rates. No difficulties were 

encountered, but the 9.9 g/min rate was regarded as being close 

to the maximum that this leacher would take. It is believed that 

any increase above this rate would have resulted in a cloudy product 

solution containing undissolved Th0„. 

4. A mixture of TRISO and BISO fuel particles was burned in the 4-in. 

reactor and the -420 micron material was collected. The latter 

was then burned in the 2-in. reactor until virtually all the carbon 

21 
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had been burned out. This product was then leached by dividing it 

into 11 batches and boiling each batch for 40 min in the same 

Thorex solution. The weight loss of each batch was measured to 

determine the quantity of material dissolved. The results are 

given in Fig. 14. Because each batch was seen to dissolve within 

10 min, the batch size was increased toward the end of the experi

ment. The combined residue from all the batches was dried and 

burned in a tray to determine the concentration of carbon, which 

was 0.22%. The residue, after burning, was leached again to recover 

any traces of thorium; 1.26 g of thorium was found. It was concluded 

that Th0„ prepared from the oxidation of BISO fuel particles dissolves 

rapidly in boiling Thorex liquor, even up to a concentration of 

540 g Th0„. The carbon did not interfere with dissolution. A very 

fine powder suspended in the final solution was found to contain 

mostly iron, nickel, and chromium. It is assumed that this material 

is produced by the corrosion of the stainless steel reactor during 

burning operations. 
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