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PROGRESS IN THE THORIUM/U-233 SHIPPING, REPROCESSING, 

AND REFABRICATION TECHNOLOGY 

by L. H. Brooks 

ABSTRACT 

High-Temperature Gas-Cooled Reactor (HTGR) fuel is being reprocessed 

by the crush-burn-leach method, which has fewer remote-operation problems 

than any other technique. A cold reprocessing pilot plant is under con

struction at General Atomic Company. A hot reprocessing pilot plant is 

being designed for construction and operation at the Idaho Chemical 

Processing Plant in 1979. A hot refabrication pilot plant is being 

designed for construction and operation at the Oak Ridge National Lab

oratory in 1979. Shipping studies are being performed by General Atomic 

Company. This paper presents the salient features of HTGR fuel recycle 

technology as it exists today, and mentions some improvements that are 

under investigation. 

INTRODUCTION 

The main elements of fuel recycling are (1) shipping and storing spent 

fuel, (2) head-end processing followed by solvent extraction to recover the 

fissile and fertile fuel materials, (3) converting fuel material to chemical 

and physical forms suitable for use in fuel element fabrication, (4) fab

ricating fuel elements, (5) recycle plant effluent decontamination, and 

(6) disposing of gaseous and solid radwaste (Refs. 1,2). 

Shipment of HTGR spent and refabricated fuel has been studied for 

several years. These studies have resulted in the fabrication of two 

truck-mounted casks for transporting spent Fort St. Vrain fuel to the 

Idaho Chemical Processing Plant (ICPP), and in the design of truck- and 
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rail-mounted casks for transporting spent fuel elements from large HTGRs, 

which will be coming on-line starting in 1980. 

Storage of spent HTGR fuel at the commercial recycle plant, which is 

due to begin operation about 1985, is at the conceptual design stage. A 

2560-fuel-element storage facility constructed at ICPP is ready to receive 

spent fuel from Fort St. Vrain. 

The head-end flowsheet reprocessing method, which was selected from 

many possible choices, is the crush-burn-leach process that has been studied 

since 1957 (Refs. 3,4,5). Any alternative to this process presents 

difficulties in handling materials, has corrosion problems, uses machines 

that should not be remotely operated, or requires too many ancillary 

processes to keep the main-line processes in operation. Work on the 

flowsheet is being carried out at General Atomic Company (GA), Oak Ridge 

National Laboratory (ORNL), and ICPP. Fissile and fertile materials will 

be recovered from the leach solution by the Thorex process, a modification 

of the Purex process. 

Refabrication of the fuel form consists of three major steps: kernel 

preparation, coating, and rod forming. When these steps are completed, the 

fuel element, comprising the graphite block and fuel rods, can be assembled. 

The unit processes follow the fresh fuel manufacturing processes as closely 

as possible because both products are similar. Development of fuel 

refabrication techniques is being carried out at GA and ORNL. 

The effect of the fuel cycle on the environment is being studied at 

ORNL with respect to gaseous radwastes, and by the AEC (Ref. 6) with 

respect to solid radwaste disposal. 

Development work scheduled to be carried out at GA, ORNL, and ICPP, 

reported in Ref. 7, is known as the National Program Plan. The work 

scopes, schedules, and budgets for each of the participants are described. 

A cold reprocessing pilot plant, now under construction at GA, will be 
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completed by 1975. Development work will continue to the late 1970s. 

A hot reprocessing plant, being designed at ICPP, will be constructed for 

operation in 1979. When the latter is completed, the reprocessing flow

sheet will be demonstrated using Fort St. Vrain fuel as feed. A hot 

refabrication demonstration plant, being designed at ORNL, will be con

structed for operation in 1979. It will be used to demonstrate the 

refabrication flowsheet, and later will use U-233 from ICPP as feed. 

IMPACT OF FUEL DESIGN ON RECYCLE OPERATIONS 

The HTGR fuel element has several design features that are of 

particular significance in shipping, storage, reprocessing, and refabri

cation: 

1. The moderator (the graphite block. Fig. 1) is directly 

associated with the fissile (uranium) and fertile (thorium) 

materials and represents the major part of the material shipped. 

A large part of the head-end reprocessing operation is devoted 

to disposal of the graphite. 

2. Because the HTGR is not a breeder reactor, it must have a 

continuing makeup of enriched uranium from an external source. 

3. During reactor operation, the following significant nuclear 

reactions occur in the fuel particles: 

a. The 93%-enriched U-235 burns down to 30%-enriched U-235. 

b. Twenty percent of the U-235 becomes U-236, a neutron poison. 

c. Two percent of the Th-232 becomes U-233, the bred uranium. 

d. The U-233 burns down; also small quantities of U-234 and 

U-235 are formed. 

e. U-232 and Th-228 are formed in the Th-232 and result in the 

daughter products Bi-212 and Tl-208, which are energetic 

gamma emitters. 
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f. On recycle, 30%-enriched U-235 burns down to 5%-enriched 

U-235. 

4. It follows from Item 3b that in order to prevent U-236 from 

building up on recycle, the U-235 must be physically separated 

from thorium, and hence U-233, and the separation must be 

maintained through the reprocessing operation. It follows 

from 3e that U-232 accompanies the U-233 and therefore the 

refabrication operation must be shielded. It may be economically 

beneficial, from 3f, to recycle spent U-235 through the 

reactor. 

5. The HTGR fuel is therefore designed with three or four types 

of coated particles: 

1. Fissile particles containing only 93% enriched U-235 compounds, 

2. Fertile particles containing only Th-232 compounds. 

3. Recycle particles containing U-233 compounds. 

4. Recycle particles containing 30% enriched U-235 compounds 

(if utilized). 

Figure 2 is a diagrammatic representation of such particles. 

HTGR SPENT FUEL SHIPPING SYSTEM 

The HTGR spent fuel shipping system (Ref. 8) provides the method 

and equipment required for removing and transporting spent fuel elements 

from a nuclear electric generating plant to a storage and/or reprocessing 

plant. The same equipment is employed for transporting refabricated HTGR 

fuel elements to the reactor. (Because of the gamma emitters, refabri

cated fuel requires 65% to 75% as much gamma shielding as 100-day-old 

spent fuel.) 

The HTGR spent fuel shipping system equipment is designed to 

satisfy all federal regulations of the U.S. Atomic Energy Commission, U.S. 
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Department of Transportation, and applicable state laws. 

The shipping package is based on "double containment." A rail cask 

is shown in Fig. 3. Six spent fuel elements are placed in a container, 

which is sealed with a bolt-on lid incorporating both an elastomer and 

metallic 0-ring seals. This is the "primary" containment. Twelve spent 

fuel containers are loaded into one spent fuel shipping cask. With the 

lid in place and sealed, the cask becomes "secondary" containment. The 

cask provides the shielding, maintains the fuel in a subcritical condition, 

ensures adequate cooling, and guarantees through a sound structural design 

that these functions can be maintained under all normal and accidental 

conditions. Each cask is fastened onto its specially designed railroad 

car, as shown in Fig. 4. 

In operation, the containers are loaded inside a shielded facility 

at the reactor, leak-rate tested, and then placed in temporary storage 

close to the shipping port. VJhen the cask is locked into position beneath 

the port, the shielding collar is lowered around the top of the cask, and 

the containers are lowered into the cask (Fig. 5). The collar prevents 

atmosphere in the shielded facility from streaming into the vehicle bay 

and reduces the risk of contaminating the exterior surface of the cask. 

The cask is not removed from the rail car. 

Shielding material used in the cask structure is depleted uranium. 

This material is sandwiched between a stainless steel inner wall and a 

steel exterior wall. The fuel basket, which separates and supports the 

containers, is fabricated from an aluminum-cadmium alloy. This ensures 

subcriticality and heat loss by providing good thermal conduction to 

the cask wall. It is estimated that under the most severe conditions, 

the outer surface temperature of the cask will not exceed 60*0. 

The cask is transported in a near-horizontal position on a special-

purpose railroad car. The cask weighs approximately 160 tons and the 

eight-axle rail car weighs 60 tons. A personnel barrier is locked in 
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position over the cask to prevent tampering. The cask is mounted on 

trunnions at the lower end, and jacks are provided to raise it into the 

vertical position. 

When refabricated fuel is being shipped, five fuel elements are 

loaded into a container with protective packaging material between the 

container wall and fuel element, and between each fuel element. 

By providing proper standardized interface equipment at all large 

HTGR plants, and at the fuel reprocessing and refabrication plants, the 

fuel shipping equipment can be standardized. Lifting, handling, and 

decontamination of the large, heavy casks are eliminated. 

The size of the cask used in truck shipping differs from the one 

used in rail shipping. The truck-mounted cask will accept one container, 

which is identical to the rail container described above. A smaller 

diameter collar is required at the reactor, reprocessing, and refabrication 

loading ports. 

Two improvements in the rail shipping system are being considered. 

Both stem from the concept of the special train service, in which nothing 

but IITGR fuel elements are carried. One advantage is that less time is 

required for shipment because the train is not split up at the inter

changes. The second advantage is that the cask basket and its 12 con

tainers can be removed from or returned to the cask with one lift, which 

reduces the time the casks are waiting to be loaded and unloaded. This 

system requires a modification to the reactor shielded facility; it 

needs vaults large enough to contain a basket and 12 containers. 

STORAGE 

The reprocessing plant requires a fuel storage vault to cushion 

the erratic arrival of spent fuel and fluctuations in throughput. 

Although the nominal size of the vault has been determined to provide 

60 days of operation (8500 fuel elements) the actual size, which will 

11 



depend on the number of reactors on-line and the startup date of the 

reprocessing plant, may be larger. 

Since each fuel element has a decay heat loss of about 2400 Btu/hr, 

the vault will require cooling gas to be circulated to remove about 

20 million Btu/hr. Twelve fuel elements are supported in a basket that 

sits on top of a vent up which the cooling air is blown. 

It is possible that radioactive materials will be evolved from the 

fuel elements; therefore, the circulated cooling gas must be filtered 

before cooling. Any accumulation of radioactivity in the coolant circuit 

will be removed by treatment of a bypass stream. 

REPROCESSING 

Head-end reprocessing for HTGR fuel (Fig. 6) consists of crushing, 

burning, and leaching. The objective of the head-end process is to 

prepare a nitrate solution that can be offered as feed to the solvent 

extraction process. Although many processes have been tested for recovery 

of U-233 from spent HTGR-type fuel and found to be feasible on a 

laboratory scale (Ref. 4), very few fulfill the requirements of a full-

scale remote industrial process. Of these, the crush-burn-leach process 

followed by solvent extraction offers the highest probability of success. 

The 30% U-235, which is capable of a second four-year burn in the 

reactor, is reprocessed in a small facility alongside the main line. 

CRUSHING 

Fuel element size reduction is the first step in head-end repro

cessing. Two major criteria governing this step are: (1) the fuel must 

be crushed to a suitable size for maintaining fluidization quality in the 

fluldized bed burners, and (2) the crushing system should minimize the 

fuel particle breakage to prevent undesirable crossover of U-233 into the 

radwaste stream, and U-236 into the U-233 recycle stream. 
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A three-stage crushing system has been adopted for the reprocessing 

plant. It is based on the experimental testing of modified, commercially 

available equipment using full-size fuel elements (Fig. 7). 

Primary reduction is done by feeding the fuel element vertically into 

an overhead eccentric jaw crusher, which produces -4-inch lumps. Secondary 

reduction is also performed in an overhead eccentric jaw crusher, which 

produces -3/4-inch lumps. Tertiary crushing is done in either a single-

roll or double-roll crusher to produce the -3/16-inch burner feed, which 

is pneumatically conveyed to the fluldized bed burners. Development 

has reached the stage where the choice of the tertiary crusher will be 

made in the near future. Some results of crushing are given in Table 1. 

FUEL ELEMENT BURNING 

The silicon carbide coating on the UC„ TRISO fissile particles 

serves two important functions. It prevents excessive fission product 

release from these highly burned up fuel particles during irradiation 

in the reactor, and it preserves the integrity of the fuel particles 

during burning. Thus, when all the graphite is removed by the two-

stage burning operation, the ash consists of fission products, U-233, 

and thorium oxide from the BISO particles; and SiC-coated particles 

from the TRISO fuel. 

The burning operation is carried out by feeding crushed fuel to the 

top of a continuous, primary fluldized bed burner (Fig. 8). The burner 

is operated automatically at constant temperature by controlling the 

oxygen supply from the center-bed temperature signal, and the product 

rate is controlled from the bed-depth differential pressure signal. The 

feed rate is maintained as constant as possible. The primary burner 

product is fed to the batch-operated secondary burner, where the remain

ing carbon is removed, the final product being oxide ash and SiC-coated 

particles. Secondary burner exothermic operation cannot be sustained 

to the low concentration of carbon required in the subsequent processing 

steps, so heat is supplied by means of an induction coil. 
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TABLE 1 
SCREEN ANALYSIS OF PRODUCT AFTER CRUSHING A WHOLE BLOCK 

(Double-roll gap 0.057-inch) 

Screen Size 
No. 

3.5 

4 

7 

14 

18 

35 

60 

120 

-120 

Cumulative 
Weight (%) 

1.96 

4.93 

28.24 

55.98 

64.64 

77.82 

85.40 

91.31 

8.69 

100.00 
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Heat generated during the burning operation is removed by forced 

gas cooling in a clamshell jacket surrounding the burners. Off-gases 

pass through a cyclone and sintered metal filters for fines removal 

before being cooled and scrubbed for release to the atmosphere. Fines 

from the filter systems are recycled to the bottom of the primary burner. 

Some burning results are given in Table 2. 

An alternative to crushing and fluldized bed burning is whole-block 

burning. The advantage of this is the absence of the crushing stage. 

Its disadvantage is that present technology is not sufficiently advanced 

for it to replace fluldized bed burning. 

OFF-GAS DECONTAÎ IINATION 

Off-gas from the burners consists mainly of C0„ with about 5% being 

CO, 0„, N , Kr, T, and Xe. The objective of off-gas decontamination is 

to reduce the radioactive content of the CO to a very low value so that 

it can be vented up the stack. A physico-chemical process called 

KALC (Krypton Absorption in Liquid Carbon Dioxide) is presently being 

studied (Refs. 9-11). It is based on the fact that because carbon 

dioxide may be liquefied at easily obtained temperatures and pressures, 

impurities may be removed by conventional chemical engineering processes 

such as distillation and vapor-liquid distributions. The radioactive 

gases to be removed from the carbon dioxide, primarily Kr-85, have differ 

ent vapor pressures from carbon dioxide, and so distribute themselves 

between the liquid and gaseous carbon dioxide in a way that makes 

separation possible. Analysis of this process shows that it is practical 

to release no more than about 1% of the krypton and 29% of the xenon 

from the system with the decontaminated gaseous C0„ waste; another 0.01% 

of the krypton and 67% of the xenon leave with the decontaminated liquid 

C0„ waste. The remaining 99% of the krypton will probably be compressed 

into a container, along with a comparable volume of C0„ and other gases, 

and stored. 
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TABLE 2 
PRIMARY BURNER OPERATION 

Diameter, cm 

2 
Burn rate, g/cm hr 

Superficial velocity, cm/sec 

2 
Bed size, g/cm 

Bed temperature, °C 

Oxygen concentration inlet, % 

Fines carryover rate, g/g burned 

Off-gas concentration, %: 

°2 
CO 

co^ 

Final bed: 

d , ym 
sv' 
Carbon, % 

Broken particles, % 

10 

32 

64 

52 

1015 

87 

1.04 

0 

4.5 

83 

600 

6.3 

3.2 
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BURNER PRODUCT CLASSIFICATION 

Two approaches are possible in processing the carbon-free burner 

product. One, the reference case, is to leach the mixture with leach 

liquor and separate the solution from the insoluble SiC-coated particles. 

The other is to classify the burner product by some method, the mixed 

oxides reporting to the leacher. 

Air classification is being studied experimentally at GA and ICPP 

as the second approach and backup to the reference case. 

URANIUM AND THORIUM SEPARATION AHD PURFICATION 

The burner or classifier product is leached with nitric acid, 

aluminum nitrate, and hydrofluoric acid (Thorex liquor) and the solution 

is clarified by centrifugation. The clarified solution is fed to the 

final step in fuel reprocessing, which takes the highly contaminated U-233 

and thorium and separates them cleanly from each other and from fission 

products. These separations are performed by solvent extraction. After 

adjustment of concentrations, the resultant aqueous solution is 

equilibrated with immiscible solutions of tributyl phosphate (TBP) in 

n-dodecane. The TBP solutions preferentially extract uranium and thorium 

nitrates, leaving fission product and other nitrates in the aqueous phase. 

Subsequently, concentrations are adjusted so that the thorium leaves the 

TBP phase to enter an aqueous phase, leaving only uranium in the TBP 

phase. Finally, the uranium is stripped into an aqueous phase for use 

in fuel particle fabrication operations. 

Solvent extraction is being studied at GA as part of the cold pilot 

plant work to ensure that all questions regarding fission product 

precipitation, product purity, equipment specifications, and process 

safety are answered. Some solvent extraction parameters are given in 

Table 3 (from Ref. 12). 
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TABLE 3 
SOLVENT EXTRACTION 

Typical feed 

1.5M Th 
0.06M U „ 
0.18M Al 
0.09M F 
80,000 Megawatt days/ton Th 
>180 days cooling 

Typical U product (to recycle): 

350 g/1 U 
<100 ppm Th in U 
<26 Ci fission product beta gamma/kg U 
<1000 ppm total metallic impurity 
0.6M HNO 

Typical Th product (to storage): 

390 g/1 Th 
<20 ppm U in Th 
<43 Ci fission product beta gamma/kg Th 
<1000 ppm total metallic impurities 
1.4M HNO^ 
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FUEL REFABRICATION 

The refabrication process (Fig. 9) in brief consists of taking the 

0.7-molar U-233 uranyl nitrate solution from solvent extractions, and 

contacting it with sized ion-exchange resin microspheres. These micro

spheres are then dried, calcined, converted to carbide at 1800°C, and 

coated with pyrocarbon. The coated particles are blended with coated 

fertile particles and formed into fuel rods which are assembled into the 

graphite blocks to form the finished fuel element. Because of the presence 

of U-232 in the U-233, all refabrication operations are carried out remotely 

in a shielded facility. 

Because a SiC coat is required, it would be beneficial if the 30%-

enriched U-235 recovered from the first four-year burn contained a low level 

of U-232. Then it could be refabricated in the fresh fuel plant. Otherwise 

it must be refabricated in a small process line alongside the main line. 

KERNEL PREPARATION 

The resin process for forming carbide fissile kernels developed at 

ORNL (Ref. 13) is shown in Fig. 10. It consists of the following steps: 

1. Uranyl nitrate solution is first converted to solid U0„ by 

thermal denitration in a pot, rotary, or fluid bed reactor. 

A fluid bed unit is shown in Fig. 10. 

2. The U0„ is dissolved in recycled UNH solution to produce an acid-

deficient solution of UNH. 

The acid-deficient UNH is fed to an ion exchange contactor 

where it is loaded on a previously sized fraction of ion 

exchange resin. Although a semi-continuous Higgins ion 

exchange contactor is shown in the figure, batch contacting can 

also be used. 
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The loaded resin is washed and then dried in a conventional 

continuous belt air drier. 

5. The UNH solution from the resin contactor is recycled to a con

centrator and then back to the U0„ dissolver to make the ion 

exchange contactor feed. 

6. The dried resin beads are carbonized by heating at a controlled 

rate up to 600°C, and are then converted to UC and sintered in 

a fluid bed at a temperature of about 1800°C. 

7. Recycle of dried and/or sintered kernels consists of burnback 

to U„0„ and dissolution of U„0o by recycle UITH. Oxidation of 
J O -Jo 

U(IV) in U„0 can probably be done by air sparging after 
J o 

dissolution. 

A backup process (Ref. 14) being evaluated in Europe is the precipita

tion of hydroxide/oxide within a drop of uranyl nitrate solution when the 

drop is dropped through gaseous ammonia and aqueous ammonia solution. The 

nitrate solution contains carbon black and a gelling agent. The gelling 

agent enables the drop to retain its shape as precipitation occurs, and 

prevents the agglomeration of precipitated microspheres. The gelled 

microspheres are dewatered, washed, dried on an infra-red-heated moving 

belt, sintered, and carbonized to UC„ kernels. 

COATING, BLENDING, AND FUEL ROD FABRICATION 

The inspected uranium carbide kernels are conveyed to fluidized bed 

coaters. In these coaters a low-density carbon layer, called a buffer 

coat, is deposited on the kernels by high-temperature vapor-phase deposition 

from hydrocarbon gas diluted with an inert gas such as argon or nitrogen. 

By changing the coating conditions, the low-density coating is followed by 

a high-density isotropic carbon coating, an SiC layer, and another high-den

sity isotropic coating. The fuel particle is now called a fissile TRISO 
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particle. This coating step is followed by a thorough inspection of coating 

thickness and density. 

The fissile particles produced in the refabrication plant are blended 

with coated fertile particles in a mold and hot-injected with a viscous 

mixture of pitch and graphite flow, which on cooling solidifies to form 

the green fuel rod measuring 5/8-in. diameter by 2-in. long. The rod is 

pressed out of the mold and is inspected to ensure conformance with 

specifications of diameter, length, and unifomnity of fissile particle 

loading. 

FUEL ELEMENT ASSEMBLY AM) CARBONIZATION 

Fifteen fuel rods selected to give the correct combined length are 

loaded into each fuel hole in the graphite block and graphite plugs are 

cemented into place. The fuel element, which contains green fuel rods, is 

then heated at about 1800°C in an inert atmosphere to carbonize the pitch 

and form strong rods of high thermal conductivity. A gap between the 

rod and the fuel-hole wall keeps radiation-induced swelling from applying 

pressure to the fuel-hole wall. 

The fuel element is inspected for damage and stored in the 

refabricated-fuel vault. 

RADWASTE 

Much effort goes into reducing the quantity of radioactive materials 

being discharged to the environment. Gaseous effluents will be treated 

by the KALC process, which will collect Kr, I, T, and particulate solids 

in such a form that disposal will be efficient and safe. Aqueous wastes 

from the various refabrication process steps are collected in hold tanks, 

monitored, concentrated by evaporation, packaged in drums, and shipped 

to an off-site disposal area for burial. Uranium waste solutions are 

returned to the reprocessing plant. 
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Solid wastes consist primarily of the graphite sleeves used as 

liners in the carbon coating furnaces and off-specification coated 

particles. The sleeves contain small amounts of U-233. The graphite 

liners from the coaters are moved in a transfer container to a crushing 

machine where they are crushed, sampled, counted, and then burned. The 

uranium-containing ash is leached with nitric acid and shipped back to 

the reprocessing plant for purification. 
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