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The thorium resources in the world are relatively 
large. According to the IAEA-NEA-publication “Red 
Book” they amount to 4.5 million (106) metric tons 
and are about 4 times greater than the resources of 
Uranium. 1) In the specific case of India it owns about 
one third of the entire world thorium resources. That 
is one of the main reasons that  India has the most 
advanced development for the installation of a 
thorium based fuel cycle which is based on the 
AHWR (Advanced Heavy Water Reactor).2) Attached 
to that reactor facility a reprocessing and a fuel 
manufacturing facility will be installed. 

The present paper describes some developments 
which are able to improve the front end and the back 
end processes as well as potential improvements in 
the conversion of thorium into U-233. This 
improvement basically can be summarized under the 
following head lines: 
·  Sintering of  MOX Fuel Pellets 
·  Hot Impact Densification of Thorium Fuel Pellets 
·  Improved Conversion using Molded Seed Rods 
·  Save disposal of High Level radioactive Waste 

1. Sintering of MOX Fuel Pellets 
As described by Shashi Kant (2005) the precondition 
for a closed thorium fuel cycle is the manufacturing 
of MOX fuel elements containing Pu-239 and U-233. 
As the sintering of those fuel pellets has to be done 

under remote and radiation protected conditions the 
specific requirements for the sintering furnace and its 
supporting systems are different from other nuclear 
fuel sintering applications.  
Historically the development of this technology has 
started with UO2 sintering furnaces, which are still 
the biggest application for the manufacturing of LWR 
fuel.  

The fig. 01 shows an atmospheric pusher type 
furnace where the pellets are sintered at a 
temperature of about 1800°C and are placed in boats, 
sitting on a pusher plate and are pushed through the 
furnace by a main pusher in a continuous pushing 
mode, which avoids the sticking of the pusher plates 
on the ceramic sliding plates in the hot zone. The 
furnace atmosphere is typically hydrogen at 

Fig. 01 UO2 sintering furnace  
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atmospheric pressure. The airlocks at the entrance 
and the exit of the furnace are designed with an inner 
door and an outer flame curtain. The furnace itself is 
a water cooled steel shell with Al2O3 brick lining 
inside, whereas water cooling is done by cooling 
tubes welded to the outer shell, which creates a 
double wall for the cooling water against the furnace 
internals in order to avoid the contact of the pellets 
with cooling water, which could cause a criticality 
issue.  
 

 
Fig. 02 presents an installation of a MOX sintering 
furnace. These sintering furnaces basically have the 
same features as the sintering furnaces for UO2, but 
the process gas is a mixture of 4% hydrogen with 
96% argon. As the operators and the maintenance 
crew has to be protected against the plutonium inside 
the furnace, the furnace shell is a vaccum tight design 
and the the airlocks are vacuum locks with two 
vacuum tight gate valves. Glove boxes are installed at 
the inlet and the outlet of the furnace as well as for 
the return track beside the furnace where the boats 
are handled in a fully automated manner. For 
maintenance purposes all flange connections are 
designed for temporary plastic bag sealing. The 
furnace is divided into several modules with internal 
baskets for the brick lining and the molybdenum 
heaters which can be replaced safely without a 
contamination of the facility with plutonium dust.  
 
 
Fig. 03. shows a sintering module, where the brick 
lining and the molybdenum heaters are located in a 
basket which is sitting in a water cooled, vacuum 
tight outer shell.  

  
For the off-gas treatment an off-gas glove box is 
installed, which allows the safe separation and 
removal of the dust. In order to protect the facility 
and the staff the entire installation is a seismic and 
overpressure proof design. 
 
For the application of described technology for the 
sintering of U-233 MOX fuel pellets some additional 
features have to be respected: 
·  Improved protection against � -radiation 
·  Remote maintenance of furnace and off gas glove 

box 
·  Remote replacement of furnace modules 
·  Module repair, preparation and adjustment in 

remote operated hot cells 
·  Design for safe, highly reliable operation under 

remote conditions 
 
 

2. Hot Impact Densification of Thorium Fuel 
Pellets 

A sintering process of thorium based fuel pellets has 
some specific requirements in powder preparation 
because of the high melting point of thorium oxide, a 
carefully handling of the dust in the grinding process 
of the pellets and finally leads to a very specific 
processing in the recycling phase including the 
THOREX process because of the difficult dissolution 
conditions of the sintered pellets. 
This problems can be solved by the production of 
pellets using the HID (Hot Impact Densification) 
Process. 12, 13,) 
 

Fig. 03 MOX furnace sintering module  

Fig. 02 MOX  sintering furnace  
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Principle of the Procedure and Advantages  
In the HID procedure, a handleable pre molded green 
pellet is heated to temperatures around 2300K and 
subsequently densified and shaped in a cold die so 
fast that heat exchange cannot occur between pellet 
and tool. The pellet leaves the die still in the plastic 
temperature region; it is stable enough, however, to 
withstand the dynamic stresses of the ejection 
process without damage. An essential feature of the 
procedure is that, as opposed to other hot press 
methods, heat and pressure are largely decoupled, 
effecting the pellet jointly only for a very short time 
of about 1 millisecond only. Therefore, all 
interactions between pellet and tool requiring a 
certain time are avoided or prevented. Fig. 04 show 
schematically how such a process is performed. 
 

  
 
The pre molded pellet is heated to about 2300 K. A 
fast-driven piston transports the pellet in a coaxially 
located floating die, the exit of which is at first 
closed by a second piston. After reaching the desired 
molding pressure, this second piston yields enabling 
the ejection of the pellet. Following advantages can 
be summarized: 
·  Fast heating and molding at the pellet fabrication 
·  Close shape tolerances eliminate subsequent 

grinding 

·  Use of coarse feed powder with reduced dust 
generation 

·  Small size equipment suited for large production 
capacity 

·  Favored mixed crystal formation 
·  U/Th mixed crystals are soluble in the PUREX 

process 14)    
 
Design 
The feeding magazine, heating furnace, pressing 
station, cooling furnace, and outlet magazine together 
form a vacuum-tight system that can also be operated 
with an inert gas atmosphere. Fig 05 shows the basic 
design features of the HID device. 
 

 
 
An electro dynamically operated system drives the 
main piston (from the right) and the pre molded hot 
pellet into the die. It effects the transport of the pre 
molded pellets, the densification, the ejection, and 
determines the molding speed. It is characteristic for 
the piston drive that a short power peak of about 100 
kW is necessary at the densification while the 
average power consumption is less than 100 W at a 
high production frequencies of about 1 pellet per 
second. Therefore an energy storage is necessary the 
characteristic of which has to be fitted to the molding 
requirements. These requirements are only met by the 
kinetic energy of an accelerated mass (principle of a 
hammer). The impact mass is accelerated electro 
dynamically. A capacitor is discharged via a coil, 
thereby a driver plate connected with the mass is 
pushed off from the coil at an acceleration above 
2000m/sec2 (>200g).  

Fig. 05 Design features of the HID device  

Fig. 04 Diagrammatic drawing of Hot Impact Pellet 
Densification  
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Process Results 
Fig. 06 shows the pressure distribution during 
densification versus molding time, as determined 
with a recording oscillograph. At an upper piston 
speed of 6.5 m/s and a mass ratio between thee upper 
and lower piston of 9/1.4 kg, the pressure is limited 
to - 440 MN/m2. The densification process is 
relatively short, lasting only about 1.2ms. 
 

 
 
So far several thousand UO2 and about 2500 UC fuel 
pellets meeting the specifications and some other 
ceramic materials were produced. About 1600  
UC fuel pellets have been irradiated as blanket 
material in the KNK reactor facility, Karlsruhe. 
The UC pre molded pellets were fabricated from UO2 
and carbon and had a 55 % theoretical density (TD). 
The UO2 pellets were pre  molded either from dead 
annealed UO2 powder or from UO2 powder obtained 
by dry conversion of uranylnitrate hexahydrate 
(UNH).  
 
Fig. 07 represents the UO2 pellet density versus 
molding pressure at a constant temperature of 2470 K.  
It follows from the diagrams that the UO2 pellet 
density can be adjusted between 90 and 98 % of the 
theoretical value via the molding pressure and the 
molding temperature. 
 

 
 
The statistical evaluated results of some important 
pellet properties in Fig. 08 reveal that the density and 
diameter deviations are hardly larger than usual 
measuring accuracy (diameter tolerance: 10 µm, 
density tolerance ± 0.06 g/cm3). 
 

 
 
For investigations of the mixed crystal formation and 
fuel solubility (U, Th)O2 pellets with a Thorium 
content of 20 to 40 w% were fabricated. ThO2 served 
as a replacement for PuO2. At a molding temperature 
of 2570 K and a pressure of 580 MN/m2 the pressing 
time took 1.8 ms. Under these conditions a density of 

Fig. 08 Properties of UC and UO 2 Fuel Pellets 

Fig. 07 The UO2 Pellet Density versus Molding Press ure 

Fig. 06 Oscillograph Record for Pressure Distributi on 
versus Molding Time  
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10.0 g/cm3 (according to 93,7 % theoretical density) 
was attained (see fig. 09). 
In order to demonstrate complete mixed crystal 
formation solution tests were performed in 10m 
HNO3 according to MOX specification. For all 
investigated specimens the solubility exceeded 
99.9 % referred to Thorium. The longest dissolution 
time was 140 minutes. In addition a complete mixed 
crystal formation was demonstrated radio graphically. 
 

 
 
 

3. Improved Conversion using Molded Seed 
Rods 

The present design of the fuel elements for the 
AHWR shows fuel rods with cladding tubes 
containing fuel pellets.  
The fuel elements described in this paper could be 
used in light water (LWR) or in high temperature 
pebble bed (HTR-PB) nuclear reactors. In both cases 
the thorim is converted to the fissionable U-233 by 
irradiation with thermal neutrons. The U-233 
produced is a valuable fissionable material and is 
characterized by high � -values (see fig. 10). By 
optimized configuration and loading of the seed- and 
blanket rods (feed and breed material)  within the 
fuel elements the thorium is converted to U-233 and 
the U-238, is converted to fissile plutonium isotopes. 
Consequently more fissionable material can be 
generated than is used. The fuel cycle is also flexible. 

Thus U-235 fissionable plutonium isotopes or 
weapons grade plutonium can be used. 
 

 
 

Light Water Reactor Fuel Element 
Based on knowledge obtained in the development of 
fuel elements for material test reactors (MTR), high 
temperature reactors (HTR) and light water reactors 
(LWR), a new design of fuel element suitable for 
thorium employment in PWR is described. The cross 
section of the proposed fuel element is 993  cm² and 
its length is 4,8 m, so that it is geometrically similar 
to the fuel element for a 1228 MWe PWR. 
Fig. 11 illustrates the cross section of proposed FE 
with a hexagonal configuration of centrally located 
91 seed rods surrounded by 126 blanket rods.3) 
 

Fig. 10 Fuel Cycle and � -Values for Uranium and 
Plutonium Isotopes  

Fig. 09 Photomicrographs of a (U,Th)O 2 Pellet with  
30 w% ThO2 ex denitrated (U,Th)O 2 - Powder 
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To simplify the presentation burnable poison rod and 
water tubes for control rods are not consisdered. 
 
One of the most important features of the proposed 
FE is the introduction of the molded seed (feed) rods 
presented in the next fig. 12 
 

. 
 
The molded seed rods contain the fissile material in 
form of discrete particles embedded in a zirconium 
matrix. The particles are homogeneously distributed 
in the inner part of the rod. The inner fuel containing 
part is well bonded to the outer fuel cladding and 
forms a single unit with it. To improve the heat 

transfer to the cooling water, the outer surface of the 
seed rod has a profiled shape. Following the design 
features of the molded seed rod are in accordance 
with the properties of MTR plate types FEs. The 
MTR-reactors are characterized by very high core 
power densities (e.g. the core power density of the 
RHF in Grenoble comes to 1000W/cm³).4, 5) 
 
The discrete particles within the seed rods are TRISO 
coated particles. The feed coated particles are 
uranium or plutonium dioxide microspheres coated 
with pyrolitic carbon and silicon carbide. One of 
them is represented in fig. 13. 
 

 
 
 
Fig. 14  shows BISO (U,Th)O2 coated particles after 
irradiation at high burn up of 168.000 MWd/t. The 
coated particles are a typical feature of HTR-FE 
technology. 6, 7, 8) 
 

Fig. 13 UO2 seed Coated Particle (appr. 95% U-235) after 
irradiation at 1600°C, kernel diameter appr. 
200µm 

Fig. 12 Dimensions and Surface Profile of Molded Se ed 
Rod 

Fig. 11 Arrangement with hexagonal configuration of  
centrally located 91 seed rods, surrounded by 
annular located 126 blanked rods  
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In fig. 15  the most relevant data for the proposed FE 
are compiled and compared with the 1229 MWe 
PWR-FE. In particular it has to be emphasized the 
very high specific cooling surface of 1527,6 cm²/liter 
of the seed rods, relative high desirable 
moderator/fuel volume ratio of 3,45 in the seed 
region and considerably lower ratio in the blanket 
(breed) region of 1,97. 
 

 
 

Hence the core power density of the proposed FE can 
be considerably increased above the value of 100 
W/cm³. The benefit of high moderator fuel ratio in 
the seed is, that it results in a substantial reduction in 
the generation of high level radioactive wastes, 
particularly transuranic actinides. On the other hand 
the considerably lower moderator fuel ratio in the 
blankets reduces the formation of protactinium which 
will interfere U-233 conversion and facilitate the 
conversion of U-238 to fissionable plutonium 
isotopes. Consequently the conversion rate for U-233 
and for Pu-239 (built up from U-238) is facilitated. 
For further increase of the conversion rate it is 
favorable to replace the seed  rods step by step. On 
average the seed rods remain in the core for 2 or 3 
years. 9)  The desired residence time for blanket rods 
is significantly longer at 7 to 8 years. 
 
After the end of life (EOL) the seed rods are removed 
from the core, cut into pieces 0,8 m length and 
embedded into blocks made out of tight graphite 
glass matrix (see chapter 4). 
 
As a result and already described above and due to 
the employment of the proposed molded seed rods 
the following advantages can be summarized: 
·  The core power density can be considerably raised 
·  Relative high moderator fuel ratio of 3,45 in the 

seed regions, compared with considerably lower 
moderator fuel ration of 1,97 in the blanket 
regions 

·  Consequently the breeding in PWR seems to be 
visible 

·  This approach can be transferred to the AHWR 
fuel elements 

·  With the proposed fuel element concept it seems 
to be possible to realize reliable close fuel cycles 

 
 
To test molded seed rods with required high thermal 
capability and required high burn up it is proposed to 
replace the fuel rods of the standard PWR-FE partly 
or totally by molded feed rods. With the square 
arrangement shown in Fig. 16.  
 Fig. 15 Design Data Comparison of proposed LWR-FE 

with reference to 1228 MWe PWR-FE  

Fig. 14 (U,Th)O 2 Coated Particle after irradiation at 1600°C, 
fluence 7,7x10 21n/cm, E>0,1MeV, 
Burnup 16,8% fima = 168.000MWd/t 
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The proposed fuel element can be placed into 
existing PWRs without major modifications of the 
geometry of the fuel element or of the reactor core. 
 
 

4. Save disposal of High Level radioactive 
Waste 

FNAG has developed a new concept suitable for safe 
final underground disposal (>106 years) of high level 
nuclear waste (HLW). Based on HTR-fuel element 
technology the HLW is first processed to coated 
waste particles 15) and the particles are subsequently 
embedded into a tight graphite - glass matrix forming  
molded blocks, suitable for final disposal.  
 
Currently the state of the art is the vitrification of 
HLW, where the fission products are denitrated, 
calcined, molten into a borosilicate glass structure 
and solidified in a stainless steel container, as shown 
in fig. 17.   
 

 
Lifetime assumptions for these containers are 
expecting at a maximum 104 years in a final 
repository. 
 
Fig. 18 shows a typical decay of fission products, 
where the issue with long living actinides is 
demonstrated. 

 
The FNAG concept starts with the production of 
Coated Particles of HLW. The process steps are 
shown in fig. 19. 
 
 

Fig. 18 Decay of Fission Products  

Fig. 17 Container for vitrified waste  
Fig. 16 Arrangement with square configuration of 

centrally located 100 seed rods, surrounded 
by square located 156 blanket rods  



Full paper of CQCNF 2009 
Hyderabad, India, February 18-20, 2009 

   

 
The waste coated particles are microspheres of about 
1mm diameter, coated with pyrolitic carbon and 
silicon carbide. The key feature of the proposed 
process is based on the introduction of the rotary 
cascade furnace suitable for continuous operation of 
following process steps: 
·  Calcining 
·  Sintering 
·  Deposition of multi layer coatings 
The rotary cascade furnace is set up of an inclined 
tube which is supported on both ends. Inside of the 
tube crucible shaped parts (cascades) are integrated. 
The bottom of these cascades is equipped with an 
aperture through which the particles are led by 
gravity to the subsequent cascade. As the apertures 
are shifted by a certain angle from one cascade to the 
other, the particles are gently guided to the next 
cascade when the tube is rotating. Following an 
uniform movement of waste particles in all three 
directions is attained, a pre-requisite for disposition 
of uniform coating without the need of carrier gases. 
In the centre axes of the cascades the nozzles for 
deposition gases are installed. For each process step 
or coating type a separate rotary cascade furnace is 
required. The furnaces have a high staggered 
arrangement and form one unit, see fig. 20. 
 

 
 
The graphite glass matrix consists of about 65wt.% 
natural graphite, 15wt.% synthetic graphite and 
20wt.% borosilicate glass.  
The waste coated particles thus obtained and graphite 
glass matrix powder are molded to hexagonal prisms 
with about 400mm width across flats and 800mm 
height. The process steps are presented in fig. 21. 
 

 
 
The technology and knowhow for embedding waste 
particles into graphite blocks are with ALD. 10, 11)  
Into the graphite prism of about 90 l volume up to 
40kg waste in form of coated particles can be 
embedded. The graphite waste prisms are provided 
with cooling channels made by molding.  
 
 

Fig. 21 Graphite Glass Matrix Molded Block formatio n 

Fig. 19 Production of HLW Coated Particles  

Fig. 20 Rotary cascade furnaces  
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Fig 22 shows a molded block in final condition, after 
carbonizing and high temperature annealing, where 
coated particles are embedded. 
 

 
 
The waste blocks are assembled to columns of about 
4m length and placed into water cooled storage pools. 
After decay heat is reduced down to the acceptable 
level the waste blocks can be safely and finally 
disposed in the underground repositories.  
 
 

Advantages 
The advantage of the process can be summarized as 
follows: 
 
·  Cooling behavior is improved 
·  Higher package density in final disposal will be 

attained 
·  Oak Ridge results revealed projected lifetime > 

108 years 
·  No separation of long half life period actinides 

and high decay heat generating isotopes is 
necessary  

·  Leaching and corrosion resistance are 
considerably improved by tight pyrolitic carbon 
and silicon carbide coatings of the individual 
particles 

·  The tight graphite blocks are corrosion resistant 
and allow heat recovery on an increased 
temperature level 

 
 
 

Further Applications 
Further applications for waste disposal using the 
Graphite Glass Block Technology are available for: 
 
·  Embedding of molded seed rods as per chapter 3 
·  Final disposal of irradiated graphite 
·  Embedding of HTR fuel elements  
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