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ABSTRACT 

The PBMR Fuel Development Laboratories were 
established to absorb and to increase the understanding of the 
German HTR fuel manufacturing technology, and to show 
that the PBMR fuel can be manufactured on a small scale in 
advance of the construction of a full-scale plant. The Kernel 
Laboratory started manufacturing UO2 kernels in 2002, and 
has been through various stages of equipment and process 
development to reach a point where the UO2 kernels can now 
be produced repeatedly, and within the required 
specifications. This presentation summarizes the final 
processes used in the production, and briefly discusses some 
of the challenges met during the development work. 

 
INTRODUCTION 

Different processes for the production of dense fissile fuel 
kernels for high temperature reactors were developed in the 
sixties and early seventies [1]. The production of UO2 kernels 
by an external gelation process [2] followed by heat 
treatment, was found to be relatively simple, with few process 
steps and little waste material being produced, and the 
method being suitable for automated manufacturing. The 
external gelation process was used for many years at HOBEG 
and was used to produce the LEU Proof Test fuel spheres for 
irradiation testing. 

PBMR purchased the German HTR fuel manufacturing 
technology, and the external gelation process to produce 
kernels forms part thereof. 

NOMENCLATURE 
ADU Ammonium Diuranate, of which various chemical 

formulas are used in literature[3], but (NH4)2U2O7 
will be used in this paper 

AWD Ageing, Washing and Drying vessel 
HOBEG Hochtemperaturreaktor-Brennelement GmbH 
HTR High-Temperature Reactor 
LEU Low Enriched Uranium 
PBMR Pebble Bed Modular Reactor Proprietary Limited 

ESTABLISHMENT OF THE KERNEL LABORATORY 

The work in the PBMR Fuel Development Laboratories 
started in earnest in 2001. The personnel involved were 
mostly same group of people that had been manufacturing 
fuel for the Koeberg Nuclear Reactor up to 1996 - so much 
expertise was available in the manufacturing nuclear fuel. The 
principles of dissolving uranium powder, processing it to 
ADU and converting to UO2 were very well known. The 
challenge was to make definite fissile particles 10 000 times 
smaller than the pellets used in the pressurized water reactor 
fuel made for Koeberg. 

The manufacturing of UO2 kernels for PBMR fuel (refer 
to Figure 1) started on a small scale in the Kernel Laboratory, 
using depleted uranium (0.403% U235). At first the internal 
gelation method [4] was experimented with, but it was found 
that the external gelation [2] process was easier to control, 
with less waste being produced. This was later verbally 
confirmed by Mr Kadner, the co-author of [1], with the author 
of this paper. The waste produced in the external gelation is 
of such nature that it can be of benefit in the current PBMR 
Fuel Development building aqueous waste treatment 
processes. 
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Figure 1: UO2 kernels as part of the PBMR fuel. 
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Initially the throughput of the Kernel Laboratory was very 
low, less than 200 g UO2 kernels being produced per week. 
Early in 2005, the throughput was increased to 1 kg UO2 
kernels per week to confirm that the processes were 
repeatable and consistent with higher throughput. Once the 
Advance Coater Facility, with a 5 kg UO2 kernel batch 
loading, was being designed and constructed the Kernel 
Laboratory throughput increased to 5 kg UO2 kernels per 
week in order to be able to supply the Advance Coater with 
feed stock. Each scale-up, from 200 g to 1 kg, and from 1 kg 
to 5 kg, had its challenges, which will be discussed briefly. 

 

KERNEL PRODUCTION PROCESS 

Figure 2 shows the schematic diagram of the external 
gelation kernel production process used in the PBMR Fuel 
Kernel Laboratory. 
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Figure 2: Schematic of the UO2 kernel production process 
as followed in the Kernel Laboratory 

 

Solution preparation 

U3O8 powder is dissolved in nitric acid to form a uranyl 
nitrate solution according to the chemical reaction: 

3U3O8 (s) + 20HNO3 (aq) �  9UO2(NO3)2 (aq) + 10H2O + 
2NO (g). 

The uranyl nitrate solution is pre-neutralized with dilute 
ammonium hydroxide to just prior to precipitation of the 
uranium according to the following reaction: 

2UO2(NO3)2 (aq) + NH4OH (aq) �  2UO2(NO3)1.5(OH)0.5 
(aq) + NH4NO3 (aq). 

A casting solution is prepared by adding specific amounts 
of organic additives to the pre-neutralized uranyl nitrate 

solution. These additives adjust the surface tension and 
viscosity to ensure proper droplet formation and also assist 
with later uniform shrinkage of the kernels and to establish 
the required crystal growth of the uranium. 

For the solution preparation, typical laboratory equipment 
is used, i.e. glass beakers, hot plate/stirrers etc. Even later 
when the throughput of the lab was increased, the solution 
preparation was still done in laboratory equipment. 

Casting 

Casting is carried out in a glass column filled with the 
concentrated ammonium hydroxide precipitation solution 
(refer to Figure 3). 

The casting solution is pneumatically fed to the nozzles at 
the top of the column, where a vibrator “shakes off" droplets 
from the feed stream. 100 discrete droplets are formed per 
second from each nozzle. 

The droplets fall through air where they attain a spherical 
shape as a result of surface tension. The spherical droplets 
then pass through an ammonia atmosphere where ammonia 
gas is blown directly onto the droplets to create chemical 
reaction with the uranyl nitrate on the surface of the droplets. 
The uranyl nitrate precipitates as ADU in the outer layer of 
the droplet, forming a protective film. This film enables the 
droplets to retain their spherical shape on impacting the 
precipitation solution without deforming. 

As the reaction continues in the casting column ADU 
forms throughout the kernels, with ammonium nitrate as by 
product: 

2UO2(NO3)1.5(OH)0.5 (aq) + 2NH4OH (aq) �  (NH4)2U2O7 
(s) + NH4NO3 (aq) + H2O. 

The kernels are kept in the casting column until they are 
strong enough to be processed further. 

The diameter of a cast gel kernel is about 1.8 mm. 

Ageing 

Once casting is complete, the wet kernels and the 
accompanying precipitation solution are transferred from the 
casting column to a rotary flat tank, known as the AWD. 
During ageing the AWD is heated with steam to 80 °C. The 
ageing process fully converts the gel spheres to ADU kernels, 
and initiates the crystal growth in the kernels. 

Initially during the development of the process, ageing 
had been done in the bottom part of the casting column, 
where the column was heated with silicone-oil to 80 °C (refer 
to Figure 4). However, the laboratories were established as 
the forerunner for the Fuel Plant, with the philosophy of 
replicating the processes and equipment as close to the 
German HTR technology as possible. With this in mind, it 
was decided to build the rotary flat tank similar to the one 
used at HOBEG in which ageing, washing and drying of the 
kernels could be done (refer to Figure 5). 

Washing 

After ageing the solution is drained from the AWD. The 
ADU kernels in the AWD vessel are washed with water to 
remove the ammonium nitrate as well as ammonium 
hydroxide and some of the organic additives. The wash water 
is drained, and the kernels are washed with alcohol to remove 
moisture, and any remaining additives. 



 3 Copyright © 2006 by HTR2006 

 

Figure 3: Photo of the multi-nozzle casting column 

 

 

Figure 4: Original casting column, incorporating ageing 

 

Drying 

The final step in the AWD vessel is drying of the kernels 
at 80 °C under vacuum to obtain the dried ADU kernels with 
a diameter of ~1 mm and bulk density of ~1 g/cm3. 

 

 

Figure 5: Steam-jacketed Ageing Washing and Drying 
vessel 

 

Ageing column 
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Table 1: A comparison of the current results with the current product specification indicates the following: 

Requirement Specification Average Results for 
2006 

Remarks 

Stoichiometry O:U £ 2.015 2.014 On average, all kernel batches are within 
specification. 

Diameter 95 % of kernels in 450 µm 
to 550 µm, confidence level 
of 95 % 

499 ± 12 µm All kernel batches are within specification. 

Sphericity 90 % of kernels £ 1.2, 
confidence level of 90 % 

1.11 All the kernel batches are within specification; 
however it is aimed to obtain sphericities of below 
1.05. 

Density ³  10.5 g/cm3 10.77 g/cm3 All kernel batches are within specification. 

 

Calcining 

Following drying, the ADU kernels are calcined in air 
above 400 °C in a batch furnace (refer to Figure 6). The 
remaining organic additives are cracked and evaporated from 
the kernels during a gradual temperature increase. From 
300 °C, the ammonium diuranate is converted to UO3 
according to the reaction: 

(NH4)2U2O7 (s) + O2 (g) �  2UO3 (s) + 2H2O (g)+ NO (g) 

The diameter of a calcined kernel is 750 � m and the bulk 
density ~2 g/cm3. 

 

Figure 6: Loading of ADU kernels for calcining 

 

Reduction and Sintering 

After calcining follows reduction and sintering at high 
temperature to reduce the UO3 to UO2, remove remaining 
impurities and densify the kernels. The process is carried out 
under 100% hydrogen: 

UO3 (s) + H2 (g) �  UO2 (s) + H2O (g). 

The reduction of the kernels takes place between 450 °C 
and 650 °C, where after the temperature is increased to 
1 600 °C in order to form dense, stoichiometric UO2 kernels 
that have a diameter of 500 µm and a density just below the 
theoretical value of 10,96 g/cm3. 

Sieving and Sorting 

The final production steps are sieving to remove any under 
and over sized kernels, followed by sorting to remove any odd-
shaped particles. The latter is performed on a sorting table that 
is slightly inclined to allow spherical kernels to roll down-hill 
while odd-shaped particles are vibration transported along a 
perpendicular direction and collected for recycling. The 
vibration sorting is a very slow but effective way to ensure that 
only spherical kernels are retained as feed stock for the coater. 
However, different sorting methods are currently being 
investigated which will reduce the sorting time. 

Following the production process, the kernels are sent for 
extensive analyses in the PBMR Fuel Quality Control 
Laboratory before being accepted as good quality feed stock 
for the coater. 

Table 1 contains the results currently obtained for UO2 kernels 
produced in the Kernel Laboratory, with a comparison to the 
specification. 

 

CHALLENGES DURING THE UP-SCALING OF THE 
KERNEL PRODUCTION 

Below is a brief description of some of the challenges 
experienced during the kernel development work. 

Casting 

Considering the throughput of the laboratory, it was 
adequate to initially use a single nozzle for casting. A syringe 
needle (~1 mm diameter) was carefully adapted to form the 
casting nozzle. With either squeezing the silicone tube feeding 
the nozzle, or by shaking the nozzle up and down, droplets 
were formed from the feed stream (refer to Figure 7). With this 
setup, good quality kernels could be obtained repeatably. Even 
after a machined single nozzle (refer to Figure 8) was installed, 
similar results were obtained: 

Final UO2 kernel diameter 493 ± 13 � m. 

During the up-scaling to 1 kg UO2 kernels per week, a 
second casting setup utilizing multi-nozzles was constructed to 
reduce the casting time. 
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Figure 7: Syringe needle single nozzle 

 

 

Figure 8: Machined single nozzle 

 

At first a 4-nozzle block was installed, with each feed line 
to each nozzle individually controlled but being fed by a single 
feed tank (refer to Figure 9). The total flow from the feed tank 
was controlled with a mass flow controller, and the stream was 
split into 4 lines leading to the nozzles, each controlled with a 
rotameter. The idea was that each individual stream could be 
controlled, and should there be a blockage or other problem 
with any nozzle, that specific feed line could be closed off. In 
such a case it meant that the operator had to react fast to reduce 
the total flow and re-adjust the remaining rotameters. 

It was found to be very difficult to control the individual 
flows, and the rotameters tended to block often. The diameter 
of the final kernels obtained with the 4-nozzle block was 496 ± 
24 � m. As will be seen later on, the sintering process was also 
changed during this time, which added to the increased 
standard deviation on the size of the UO2 kernels. 

 

Figure 9: 4-nozzle block for casting 

 

The 5-nozzle block was implemented in the end of 2005. At 
that time shortening of the casting duration was not the driving 
force, but equivalence to the German fuel manufacturing 
process – which employed 5 nozzles. 

Different nozzle designs were considered for the 5 nozzles, 
including a circular block with a manifold dividing the stream, 
without individual flow control to the nozzles. The belief is that 
if the nozzles are all of the exact same geometry with no 
pressure difference in the manifold, the division of the stream 
would be exactly the same to each nozzle. However, if a nozzle 
should block the flow to the other nozzles would be influenced. 
Therefore, care had to be taken to prevent blockages. 

When contemplating the circular nozzle-block, it would be 
more complicated to supply the ammonia directly onto the 
droplets. It was decided to use a nozzle block similar to the 4-
nozzle block with a manifold chamber feeding the nozzles 
(refer to Figure 10 showing 2 designs of the 5-nozzle block). 

 

   

Figure 10: 5-nozzle block for casting 

 

The 5-nozzle block was fed with a single feed line which 
was mass flow controlled. To make sure that there were no 
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blockages a thorough cleaning process was implemented. In 
case a blockage should occur a shut-off valve was added to the 
feed line, and the time to replace the nozzle block was reduced 
to less than 5 minutes. The droplet formation that was obtained 
with the 5-nozzle block was excellent compared to previous 
droplet formations. The diameter of the UO2 kernels produced 
with the 5 nozzles is 492 ± 13 � m. 

Following some difficulties with the mass flow control 
valve, the flow control was changed to pressure control. The 
mass flow is measured and the flow adjusted by changing the 
pressure in the feed tank. This way, the flow was more 
consistent over the complete casting run. At present automating 
the pressure control is being considered. 

The predicament experienced with the 5-nozzle block was a 
clear pressure difference existed over the manifold chamber, 
especially during the start-up, leading to non-equivalent droplet 
formation between the different nozzles in the single nozzle 
block. 

A 6-nozzle block was then designed and built (refer to 
Figure 11). The setup ensured even pressure over all six 
nozzles, and equivalent droplet formation was obtained. The 
results up to date indicate a diameter of 504 ± 11 � m. 

 

Figure 11: 6-nozzle block for casting 

 

Sintering 

The sinter furnace in the Kernel Laboratory is a Degussa 
pot-type batch-furnace in which molybdenum trays, containing 
the kernels, are loaded. The H2 is fed through a 5 mm hole at 
the top of the furnace and the off gas and excess H2 outlet is 
situated at the bottom of the furnace (refer to Figure 12). 

While the throughput of the laboratory was low the furnace 
loading was low, with just a few trays. Following the increase 
in production to 5 kg per week, the amount of trays loaded into 
the furnace was increased to the maximum, and the loading of 
kernels in the trays was increased. It was later found that 
depending on the tray position, and the kernel position in the 
trays, different properties were obtained for the kernels.  
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Figure 12: Schematic diagram of the sinter furnace 

 

 

Figure 13: Sintered kernels from a middle tray showing 
different kernel properties 

 

Figure 14: Sintered kernels from a middle tray showing 
different kernel properties – zoomed in and kernel top 

layer scraped open 
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Looking at the tray stack, the upper and lower trays had 
reasonably good quality UO2 kernels, while as the trays were 
stacked to the middle of the furnace, the diameter of the kernels 
increased, the O:U ratio of the kernels increased, and the 
density of the kernels decreased (refer to Figure 13 and 14). 

The non-homogeneity of the kernels indicated that complete 
reduction of the UO3 had not taken place as acquired 
previously. Looking at the tray design, the flow of H2, the 
temperature and the time at temperature, the conclusion was 
made that the major cause for the non-uniformity of the product 
was the flow pattern of the reduction gas over the trays. 

Several tests were conducted to obtain better quality 
kernels, including different reduction gas flow rates, different 
loading depths, and different reduction temperature profiles. A 
new set of trays with different spacing was obtained (refer to 
Figure 15), which when used with the best set of parameters 
gave very high quality kernels. 

When looking at the results from different positions in the 
trays and in the furnace, and the quality of the current kernels, 
it was possible to improve the kernel diameter from 515 ± 
19 � m to 505 ± 8 � m. However, all the results from the 
sintering tests are not available yet. 
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Figure 15: Molybdenum sinter trays – old and new design 

 

CONCLUSIONS 

During the development of the process, many difficulties 
were encountered and these served to increase the 
understanding and appreciation of the process. Much work is 
still required and planned to enable complete characterization 
of the UO2 kernel production process and kernels for the 
PBMR fuel. However, the Kernel Laboratory currently has the 
ability to repeatably produce 5 kg of UO2 kernels per week that 
conform to the specification. 

In summary, the Kernel Laboratory has successfully 
established the technology to manufacture UO2 kernels for 
PBMR fuel, with the available equipment and within the 
laboratory scale. 
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