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Abstract – In order to enhance the throughput of a pyroprocessing in which electrochemical processes are 
mostly engaged, the design of a continuous concept is required.  The graphite cathode in the electrorefiner 
enables the uranium deposit on the cathodes to be stripped off spontaneously, resulting in a continuous 
reaction.  The collected uranium deposits at the bottom of the inner cone of the reactor are transferred by a 
conveyer.  The residuals in the anode basket after the uranium is depleted are noble metals.  These are also 
collected at the bottom of the outer shell of the reactor, and conveyed from the reactor for a further 
treatment.  This work addresses the design of the electrorefiner for a continuous operation.  The behavior 
of particles such as uranium dendrites or noble metals was analyzed to achieve the proper operating 
conditions.  The operating conditions for the cathode processor in which molten salt is distilled were also 
investigated.  

 
 

INTRODUCTION 
Pyroprocessing is one of the promising 

technologies to treat a spent fuel and to reduce 
its volume[1-3].  It mitigates a repository burden 
by a separation of uranium from a spent fuel and 
shortens a repository management period by 
transmuting TRU.  A pyroprocess includes the 
decladding of a spent fuel, a voloxidation to 
remove the volatile fission products, a 
electroreduction in order to produce uranium and 
a TRU metal ingot, an electrorefining process for 
a recovery of pure uranium, a electrowinning 
process to separate the TRU mixture, and a 
waste treatment process.  These pyroprocessing 
technologies have been remarkably improved 
recently.  However, they are still at a laboratory 
scale and use a batch process.  Continuous or 
semi-continuous processes are essential to obtain 
a high production rate.  This work particularly 
addresses the continuous process of a 
electrorefining system. 
The elctrorefining system encompasses an 
electrorefiner, a cathode processor, and a melting 
furnace.  In the electrorefiner, the uranium 
dendrites are separated from the electrode 
spontaneously and collected at the bottom[4] of 
the reactor.  The collected uranium dendrites are 
conveyed to the cathode processor. 
  The cathode processor distills the salt from the 
conveyed metal, and the purified metal is 
transferred to the melting furnace.  The metal is 
melted and consequently reformed to an ingot 
for storage or for a future use. 

In the electrorefiner, the uranium dendrites are 
collected at the bottom of the inner cone of the 
reactor, while the noble metals are collected at 
the bottom of the outer shell.  These two metals 
should not be mixed with each other to obtain 
uranium of high purity while the molten salt in 
the reactor is being stirred.  To obtain the proper 
operating conditions of an elctrorefiner for 
20kgU/batch, the performance of the solid 
particles is simulated by the CFX code.  The 
effects of center stirrer speed and anode basket 
rotating speed were studied.  
Compared with a laboratory scale experiment, 
more cathodes are required to increase the 
cathode area for a 20kgU/batch process. The 
arrangement of the cathode affects the 
electrochemical reaction. A few cases of 
different cathode arrangements were also studied 
using the CFX code. 
For the cathode processor, the effects of the 
vacuum pressure and the temperature were 
investigated for the proper operating conditions. 
 
ELECTROREFINER 
 
Using the graphite cathode which characterizes a 
spontaneous separation of uranium dendrites, an 
electrorefiner was designed to achieve a  
20kg/batch capacity.  The detailed configuration 
of the reactor is shown in Fig. 1. 
The center stirrer is located in the center of the 
reactor. At the next peripheral layer, 30 cathodes 
are assigned in two layers. There is a cone below 
the cathode bundle, where the uranium dendrites 
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are collected.  About 45mm apart from the 
cathode layer, anode baskets which contain a 
metal mixture of uranium, TRU, RE, and NM 
are placed. 

NM
U dendrite

 
Fig. 1 Conceptual drawing the Continuous 
Electrorefiner 
 
As the reaction proceeds, the uranium dendrites 
are collected in the center of the reactor.  After 
the reaction is completed, uranium, TRU, and 
RE are dissolved in the salt, while the noble 
metals remain in the anode basket.  The 
remaining noble metals are collected at the 
bottom of the outer shell of the reactor. The 
centre stirrer and anode basket are rotated to 
enhance the mixing effect of the salt.  The 
particles collected at the bottom of the reactor 
may float if the stirring rate is too high.  The 
particle behavior was analyzed by a commercial 
fluid dynamics evaluation code, CFX. 
 
Central Stirrer Agitation Effects 
 
The velocity vectors of the molten salt with 
various center stirrer agitation speeds were 
calculated and the in patterns are shown in Fig. 2.  
As the stirrer speed increases the mixing takes 
place more vigorously.  Subsequently the 
uranium deposits in the collector at the bottom of 
the inner cone and the noble metals in the other 
collector at the bottom of the outer shell may  
float and be mixed.  
 

 
Fig. 2. Calculated velocity vector of the molten 
salt with various center stirrer agitation 
speeds(anode rpm : 10) 
 

Fig. 3 shows that the noble metal fraction in the 
uranium collector increases with the center 
stirrer speed.   

 
Fig. 3. Calculated volume fraction of the metal 
particles in the collector at various center stirrer 
speeds 
 
In order to have the metal particles remain in the 
collectors as much as possible, the speed of the 
center stirrer should be under 100 rpm. 
 
Anode Basket Rotation Effects 
 
Anode rotation speed also influences the particle 
behavior.  The velocity vectors were calculated 
and the fraction of the metal particles in the 
collector with different anode rotation rates is 
shown in Fig. 4.  The right axis represents the 
U/NM volume ratio in the collector.  Decrease of 
the U/NM volume ratio means an increase of 
NM in the Uranium which implies that the 
particles are mixed much.  CSAF in this figure 
denotes the cross sectional area factor.  If the 
CSAF is one, then the particle is a sphere.  As 
the CSAF increases, the particle shape 
approaches a plate.  Subsequently the bigger 
CSAF factor, the more floatable the particles are 
in the fluid.  Then the particles are mixed easily.  
The objective of the electrorefiner is to achieve 
pure uranium so that a particle mixing should be 
restrained. 
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Fig. 4 Effect of the anode rotation speed on the 
velocity vector of the molten salt 
 
As shown in this figure, noble metal is more apt 
to mix with uranium by floating response as the 
anode basket speed increases and the through a 
CSAF increases. 
 
Cathode Arrangement Effects on the 
Uranium Deposition 
 

 
Fig. 5 Particle trajectories in electrorefiner with 
different cathode configuration 
 
To achieve high a throughput in the 
electrorefiner, a high surface area of the cathode 
is a requisite.  If the cathode is assigned in 
multiple layers, then the distance between the 
cathodes increases.  However since the cathodes 
have the same polarity, the electrostatic field 
may interfere with the movement of a particle.  

Fig. 5 shows the simulated results of a particle 
movement with different cathode configurations.  
In this figure, a) corresponds to 24 double layer 
cathodes, b) to 24 single layer cathodes, c) to 12 
single layer cathodes, d) to 12 single layer 
cathodes, and e) to 24 double layer cathodes.  It 
was calculated under the condition that -3V was 
applied to the cathode, +1V to the anode and the 
particle is charged at 1x 10-13 C.  In case b) 
where the cathodes are placed densely, there is 
no deposition at the back of the electrodes.  If the 
distance between then is widened as in case c) or 
d), then an electric field is formed at the back of 
the electrode.  However a sparse array confines 
the number of cathodes in the given reactor 
volume and subsequently decreases the cathode 
surface area, which is not desirable.  
Configuration of a double layer is better to 
enhance the surface area and widen the distance 
of the electrodes.  Fig. 6 shows the photos of the 
experimental result of the uranium dendrites for 
double cathode layers, where more deposits of 
uranium are found at the outer layer and no 
deposition at the back side of outer layer. 
 

 
Fig. 6 Photographs of the graphite cathodes with 
a double layer:a)outer and inner layer, b)front 
and back side of front layer 
 
CATHODE PROCESSOR 
 
The objective of a cathode processor is to 
remove the eutectic salt from the uranium 
dendrite and to recycle the salt to the 
electrorefiner.  Generally this process is 
combined with a melting process and carried out 
in a melting furnace so the process is conducted 
in a batch mode.  An independent cathode 
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process operation is crucial for a continuous 
operation and to achieve a high throughput. 
 
Effect of the Temperature and Pressure on 
the salt removal 
 
Experiments are briefly described as follows. 
Uranium dendrites are placed in the alumina 
crucible which is in the distillation column.  
Vacuum pump and Ar flow are used to adjust the 
pressure.  The amount of salt removal was 
measured by a load cell.  
The pressure and temperature effects on the salt 
removal are shown in Tables 1 and 2.  The 
evaporation coefficient is the ratio of the actual 
evaporation rate to the maximum evaporation 
rate[5,6] in the Hertz-Langmuir equation.  
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Where M is the evaporation rate, α the 
evaporation coefficient, eqP the equilibrium 

pressure, m  the molecular weight, and T is the 
temperature. 
This equation is simple but expresses the 
evaporation rate efficiently. Scale-up of the 
cathode processor can be carried out by using α  
obtained through the experiments. 
 

 
As the vapor pressure decreases, the salt removal 
efficiency increases.  A vacuum pressure below 
300 mTorr is enough to obtain a salt removal of 
more than 99%.  In the context of the 
temperature, the salt removal efficiency 
decreases remarkably with the temperature.  
These experiments were conducted for one hour 
at a desired temperature. If the uranium dendrite 
and salt were treated for more than one hour, the 
salt removal efficiency may rise.  If the 
equipment is made of Fe, then the temperature 

should remain below 700C, as uranium and Fe 
create an eutectic condition at 725C[7]. 
 

 
CONCLUSION 
 
Pyroprocessing is a useful technology for 
recycling a spent fuel.  However this technology 
has been studied at a laboratory scale to date.  
For a practical use of this technology,   
knowledge of a scale-up is essential. 
Electrorefining process is to separate the pure 
uranium from the metal produced from the 
electroreduction process.  It includes an 
electrorefining reactor and a cathode processor. 
In order to study a scale up and a continuous 
operation of the electrorefiner, the particle 
movement accumulated at the bottom collector 
was simulated with the CFX code.  The 
appropriate center stirrer speed and anode 
rotation velocity were sought through the 
calculations. 
For the cathode processor, the effects of the 
pressure and the temperature on the salt removal 
efficiency were investigated.  The proper 
operating conditions were also determined which 
are useful for an operation with enlarged 
equipment. 
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