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FUJI ― A COMPARATIVE IRRADIATION TEST  
WITH PELLET, SPHERE-PAC AND VIPAC FUEL 

Ch. Hellwig,  F. Ingold,  L.Å. Nordström,  K. Bakker,  T. Ozawa,  M. Nakamura,  Y. Kihara 

Particle fuels, such as sphere-pac and vipac, are considered promising fuel systems for fast reactors, due 
for their inherent potential for remote, dust-free fabrication, the option for incineration of minor actinides, 
and the use of less costly, low-decontaminated plutonium. The FUJI test addresses the questions of 
fabrication of MOX particle fuels with high Pu-content (20%) and their irradiation behaviour in the reactor 
during the start-up phase. Four kinds of fuel, namely MOX sphere-pac, MOX vipac, MOX pellet and Np-
MOX sphere-pac, have been, or will be, simultaneously irradiated under identical conditions in the High 
Flux Reactor in Petten. First results indicate that the particle fuel already undergoes a dramatic structural 
change at the very beginning of the irradiation, when maximum power is reached. The structural changes, 
i.e. the formation of a central void, and densification of the fuel, lead to a decrease of the fuel central 
temperature. Thus, the fast and intense restructuring helps prevent central fuel melting at high power 
levels. 

1 INTRODUCTION 

Both high economical competitiveness and low 
environmental impact are required for advanced Fast 
Breeder Reactor (FBR) cycle systems. While 
conventional pellet fuel has a high potential to satisfy 
these requirements, particle fuels, such as sphere-pac 
and vipac, have been considered as promising 
alternatives, due to their inherent potential for remote 
operation and cost reduction. Therefore, for fast 
reactors, particle fuels are interesting candidates for 
fuel containing minor actinides, and for low-
decontaminated fuel, although pellet-type fuel is a 
widely used and accepted alternative.  

The potential in-pile properties of sphere-pac fuel in 
fast reactors have already been described elsewhere 
[1]. The mechanical behaviour of particle fuels is 
excellent compared to pellet fuel. Due to the absence 
of a fuel-cladding gap, there is no cladding creep-
down observed [2,3], while fuel swelling is mainly 
compensated by sintering processes. On the other 
hand, particle fuels display a thermal behaviour that 
depends on the irradiation history. For fresh fuel, the 
thermal conductivity is low compared to pellet type 
fuel. The absence of a fuel-cladding gap cannot 
compensate for the relatively low smear density and 
small contact areas between adjacent particles. 
During irradiation, however, temperature-dependent 
sintering processes take place, and lead to improved 
thermal conductivity. 

Surprisingly, there is hardly any technical knowledge 
relating to the fabrication of MOX particle fuel with 
high Pu-content (20%), nor its irradiation behaviour 
during the start-up phase. 

The FUJI project aims to address these open 
questions in the framework of a collaboration between 
JNC (Japan Nuclear Cycle Development Institute), 
NRG (Nuclear Research & Consultancy Group) and 
PSI. FUJI is especially focussed on the early-in-life 
restructuring of two types of particle fuel ― sphere-
pac and vipac ― and their comparison to pellet fuel.  

In the paper, we give first an outline of the experiment, 
then present the main characteristics of the fuel 

segments, the main features of the irradiation tests, 
and the first Post-Irradiation Examination (PIE) results 
for the first two completed irradiation tests. Finally, an 
outlook is provided on the further project activities. 

2 OUTLINE OF THE EXPERIMENT 

In this project, four kinds of fuel, namely MOX sphere-
pac, MOX vipac, MOX pellet and Np-MOX sphere-pac 
fuel, will be simultaneously irradiated under identical 
conditions. The experiments are combined with fuel 
performance calculations performed with codes 
specially developed to predict particle fuel behaviour. 
It was decided to test the two available types of 
particle fuel, sphere-pac and vipac, as each has 
particular advantages and disadvantages. Sphere-pac 
fuel allows for almost dustless production, which is 
especially advantageous for a remotely controlled 
production process. Only two size fractions are 
necessary to reach high filling densities, and two 
different filling procedures are available. As a dis-
advantage, the fabrication might require more know-
how compared with vipac fuel.  

Sixteen fuel segments have been fabricated at PSI 
[4]: five MOX-pellet segments, nine sphere-pac 
segments with MOX spheres, and two segments with 
MOX vipac fuel. The MOX contains 20% Pu in all 
segments. The nine sphere-pac segments with MOX 
spheres have been fabricated using two different 
filling methods, resulting in a higher (eight segments) 
and a lower (one segment) smear density. The fuel of 
two sphere-pac segments with higher smear density 
contains additionally 5% Np. 

All these fuel segments were produced at PSI and 
delivered to the High Flux Reactor (HFR) for a total of 
four irradiation tests. Two tests, on four segments 
each, have already been completed successfully in 
the Pool Side Facility (PSF) of the HFR in Petten. Two 
further irradiations will be performed in the fall of 2004 
at the same facility. 

3 DESIGN OF THE IRRADIATION TESTS 

Full details of the pin design are already available in 
the literature [5], and will not be described here. The 



98 

irradiation takes place in the PSF of the HFR in an 
irradiation rig with two fuel channels, each of them 
holding a pin consisting of two fuel segments. The use 
of the PSF allows the application of power histories 
independently from the reactor operation. 

The irradiation tests can be distinguished according to 
the list below. 

• Initial Sintering Test: from zero to full power within 
36 hours (this reflects the start-up procedure of the 
JOYO fast reactor). 

• Restructuring I Test: from zero to full power within 
36 hours, then a holding time of 48 hours at full 
power. 

• Restructuring II Test: from zero to full power within 
36 hours, then a holding time of 96 hours at full 
power. 

• Power-To-Melt (PTM) Test: first part similar to 
Restructuring I Test, then a step-wise increase of 
power until central fuel melting can be observed on 
neutron radiographs. 

In all irradiation tests, the power is decreased to zero 
very rapidly after the irradiation is completed. Tables 1 
and 2 give an overview of how the different fuel types 
are distributed over the four tests. 

 
The radial temperature distribution was adjusted to 
fast reactor conditions by controlling the cladding 
temperature and the fuel power in order to obtain data 
concerning the sintering and restructuring behaviour 
under irradiation conditions similar to those in a fast 
reactor. 

4 FABRICATION OF FUEL SEGMENTS 

4.1 Fabrication of pellet fuel segments 

UO2 and PuO2 powders were weighed, blended by a 
mixer, and then the blended powder was milled using 

a two-stage advanced attrition mill [6]. The milled 
powder was pre-compacted, granulated and pressed 
to pellets in a hydraulic press. The pellets were then 
sintered at 1600°C in an N2+8%H2 atmosphere. For 
adjusting the O/M ratio to the required value of 1.97, 
the atmosphere was humidified.  

The segment filling (stainless steel claddings of 
6.5 mm inner diameter for all fuel types) and end plug 
welding was straightforward. Only five MOX pellets 
and two insulation pellets (one on each side, and 
consisting of depleted UO2) were placed in the 
segments, and the rest of the segment was filled with 
steel dummies, except for the segments for the PTM 
test, for which a fuel column length of 250 mm was 
fabricated. 

4.2 Fabrication of vipac fuel segments 

The fabrication of the vipac segment is extensively 
described in the literature [7]. First, green bodies were 
produced, comparable to the pellet fabrication. Then, 
the green pellets were granulated, sintered at 1600°C 
in an N2+8%H2 atmosphere (the atmosphere being 
humidified in order to adjust the O/M ratio to the 
required value of 1.97, as before) and sieved into six 
different size-fractions suitable for the subsequent 
vibro-filling process. The mass ratios of the six size-
fractions were adjusted according to pre-fabrication 
tests in order to achieve a smear density as high as 
possible. The three coarser and the three finer 
fractions were then mixed again before being placed 
in two different feeders. The two feeders were started 
simultaneously, to fill the particles into the pin in 
parallel and prevent any de-mixing of size fractions. 
The feeding speed was adjusted beforehand in order 
to achieve simultaneous completion of the feeding 
process for the two fraction classes. The fuel column 
was then fixed at the top, and vibrated to increase the 
density of the fuel column. Fuel segments of 76% of 
packing fraction were successfully fabricated in this 
manner.  

Table 1 Overview of the two irradiation tests 
performed (upper part: upper segments, 
lower part: lower segments). 

 Initial Sintering Restructuring I 
Designation I11U I12U R11U R12U 

Fuel type MOX 
pellets 

MOX
sphere-

pac 

MOX 
pellets 

MOX
sphere-

pac 
Smear dens. 
[%TD] 89.4 79.2 89.4 79.5 

Fuel column 
length [mm] 50 250 50 250 

Designation I11L I12d R11L R12L 

Fuel type 
MOX 

sphere-
pac 

MOX 
vipac 

MOX 
sphere-

pac 

Np-MOX
sphere-

pac 
Smear dens. 
[%TD] 79.1 75.9 79.3 81.3 

Fuel column 
length [mm] 250 250 250 250 

Table 2: Overview of the two coming irradiation 
tests (upper part: upper segments, 
lower part: lower segments). 

 Restructuring II  Power To Melt 
test 

Fuel type MOX 
pellets

MOX 
sphere-

pac 

 MOX 
pellets 

MOX 
sphere-

pac 
Smear dens. 
[%TD] 89.4 79.5  89.4 79.5 

Fuel column 
length [mm] 50 250  250 250 

Fuel type 
MOX

sphere-
pac 

MOX 
vipac 

 MOX 
pellets 

Np-MOX 
sphere-

pac 
Smear dens. 
[%TD] 70.6 75.8  89.4 81.5 

Fuel column 
length [mm] 250 250  250 250 
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Instead of insulation pellets, a 10 mm region of nat.-
UO2 spheres was used for thermal insulation at the 
top and bottom ends of the segments. The insulation 
region was separated from the fuel by specially 
designed fuel seal disks (made of tungsten). 

Finally, end plugs were welded to the pins, and the 
axial fuel density profile was measured by means of 
scanning with a γ-source. The γ -scan results revealed 
that the simultaneous filling process successfully 
produced a comparable homogeneous axial density 
distribution; see Fig. 1. 
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Fig. 1: Axial density profile of a vipac segment. 

4.3 Fabrication of sphere-pac fuel segments 

The spheres were produced by the internal gelation 
process briefly described here; full details are given in 
[8-10].The starting metal solutions were prepared from 
oxide powders dissolved in nitric acid. Uranyl nitrate, 
plutonium nitrate and neptunium nitrate were prepared 
in the specified proportions to produce in a mixed 
metal nitrate solution, the targeted metal proportions 
being 20% Pu to 80% U, and 20% Pu to 5% Np and 
75% U for the MOX and Np-MOX fuels, respectively. 
This metal solution was then blended with a cooled 
hexamethylenetetramine (HMTA) + urea solution to 
produce a feed solution, which was then cooled to 
about 273 K. 

Droplets of the feed solution were generated by a 
capillary and allowed to fall into hot silicone oil. The 
temperature of the oil ranged from 376 K to 379 K, 
depending on the sphere size and composition. Within 
the oil, the droplets transform into spheres and 
solidify. Depending on the targeted sphere size, the 
capillary diameter was adjusted, and the tube 
vibrated. The spheres were transferred to band filters, 
where the oil was removed by suction and by rinsing 
with chlorothene. The gelation process was 
accomplished by a final washing step, in which the 
residual reaction products and excess of nitrate were 
removed using a diluted ammonia solution. 

Subsequently, the spheres were dried in hot air and 
then calcined in Ar-7%H2 at 873 K, resulting in the 
hydroxides being transformed into oxides. Finally, the 
spheres was sintered in a reducing atmosphere of Ar-
7%H2 at 1673 K for 4 h. As previously, for adjusting 

the O/M ratio to the required value of 1.97 the 
atmosphere was humidified. 

The fuel segments were filled using two different 
methods [11]. One segment, with lower smear 
density, was filled with spheres of 800 µm and 190 µm 
diameter in the same manner as described for the 
vipac segments: i.e. the spheres were filled into the 
segment using two feeders simultaneously, one 
feeder per size fraction. Eight sphere-pac segments 
were filled using the so-called infiltration method. This 
process involves filling the segment with the 800 µm 
fraction, fixing a sieve-like device at the top, and 
pouring through fine spheres of 70 µm diameter to 
infiltrate the interstices of the 800 µm spheres while 
the pin is vibrated externally. 

Instead of insulation pellets, a 10 mm region of nat.-
UO2 spheres was used as thermal insulation at the 
top and bottom ends of the segments. The γ-scan 
results revealed that the infiltration filling process 
successfully produced a very homogeneous axial 
density distribution; see Fig. 2. 
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Fig. 2: Axial density profile of a segment filled using 

the infiltration method. 

5 PERFORMED IRRADIATION TESTS 

For the irradiation tests, the sixteen segments were 
connected two-by-two, forming the eight pins listed in 
Tables 1 and 2. The fuel pin, formed of two segments, 
was loaded into a molybdenum shroud tube 
instrumented with thermocouples and flux monitors, 
and filled with stagnant sodium. The shroud tube was 
mounted in the inner stainless container, which was 
also filled with stagnant sodium. A gas gap of varying 
width between the inner and outer stainless steel 
containers was used to shape and homogenize the 
axial cladding temperature profile. This sample holder, 
containing the two connected test segments, was 
placed in one channel of the KAKADU irradiation rig 
(see Fig. 3). The other channel was filled with a 
second sample holder, containing an additional two 
FUJI test segments.  

The irradiation tests performed so far are the Initial 
Sintering Test and the Restructuring I Test. The power 
and cladding temperature were adjusted to imitate the 
radial temperature profile in a fast spectrum. (Since 
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the radial temperature profile in fuel irradiated in a 
thermal spectrum is less steep than in a fast 
spectrum, the power was increased and the cladding 
temperature decreased for the irradiation test in HFR.) 
The power was controlled by monitoring the coolant 
flow and the inlet and outlet temperatures for each 
coolant channel of the irradiation rig. The cladding 
temperatures were measured by thermocouples, and 
controlled by modifying the gas composition in the gap 
between inner and outer containers. 

 

 Coolant water

Fuel

Cladding

Sample holder

Aluminium

Mo-shroud tube with TCs and flux monitors

Stagnant sodium

Stainless steel container

 
Fig. 3: Horizontal cross-section of the KAKADU 

irradiation rig. 

The power histories per axial node (the fuel stack is 
divided into 9 axial nodes for the calculations) were 
calculated using the CEPTAR code [12]. The average 
power in each axial node was determined using the 
measured total power of the fuel channel, the neutron 
flux buckling curve determined by γ-scanning the outer 
containment, and by the segment average smear 
density. The power histories for the Initial Sintering 
Test and the Restructuring I Test are plotted in Fig. 4.  

Estimating the power history of the initial sintering test 
was not as straightforward as first thought. This was 
due to the malfunctioning of coolant thermocouples of 
one of the channels. Nevertheless, the power could 
be determined reasonably accurately by calibrating to 
the power of the second channel. No significant effect 
of the delayed ramp on the outcome of the irradiation 
test is expected, as massive fuel sintering only takes 
place at considerably higher temperatures and power 
levels. 

6 POST-IRRADIATION EXAMINATION OF THE 
FIRST TWO IRRADIATION TESTS 

Non-destructive PIE includes γ-scanning, geometrical 
measurements, and neutron radiographs (NEURADs). 
Destructive PIE includes ceramography and burn-up 
analysis. In the following, the NEURAD and the 
ceramography results are discussed. 
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Fig. 4: The power histories in 9 axial nodes for the 

Initial Sintering Test (top) and the 
Restructuring I Test (bottom). 

6.1 Initial sintering test 

A NEURAD was taken from the four segments of the 
Initial Sintering Test; see Fig. 5, upper part. The three 
long fuel columns of particle fuel, as well as the short 
pellet fuel column, are clearly visible. The formation of 
a central void is also observable in the particle fuel 
columns in the central higher power region (for details 
see Fig. 6). The micro-section of segment I12U, from 
the position marked in Fig. 6, is shown in Fig. 7. The 
central void can be estimated at 22%, relative to the 
fuel outer diameter. A section of segment I11L was 
taken from a lower power region (-87.2 mm from pin 
centreline); see Fig. 8. The formation of the central 
void is just starting, and the sintering is not as far 
advanced as for the higher power region in Fig. 7. The 
larger loss of small spheres in the outer part of the 
fuel during preparation of the micro-section is a clear 
indication for this.  
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Fig. 5: Initial Sintering Test. The centre of the 

NEURAD (top), and a comparison between 
computed and observed diameters for the 
central void taken from the NEURAD and 
ceramography (bottom) measurements.  

 
Fig. 6: NEURAD at the maximum power position in 

the I12U MOX sphere-pac fuel segment. 
Slight intermixing of the fuel spheres and 
insulation spheres (nearly transparent) can be 
observed. The position of the ceramographic 
section is marked. 

The picture for vipac is less clear; see Fig. 9. The 
formation of the central void by migration of lenticular 
pores can be observed, although the fuel is not 
homogeneous in its density. The presence of well-
distributed small particles on the right hand side of the 
Figure leads us to assume that this is not a result of 
the preparation, but is due to inhomogeneous original 
filling. It must be recalled that a larger tolerance for 
the filling density was defined for the vipac fuel 
compared to that for the infiltration-filled sphere-pac 
fuel. Furthermore, only the average axial fuel density 
was measured, and nothing is known of the fuel 
density distribution in a plane perpendicular to the 
axis. If a central void of about 10% of the fuel outer 
diameter is assumed (some small particles might have 
been dislocated in the central void during 
preparation), the result is clearly lower than that 
determined by the NEURAD. 

The fuel performance code CEPTAR was used to 
analyse the fuel behaviour. For this purpose, the 
restructuring (i.e. void migration) model was calibrated 
for both sphere-pac and vipac fuels, using the central 

void diameter observed from the NEURAD. That is, in 
the void migration model used for sphere-pac and 
vipac fuels, the migration velocity was much smaller 
than that for pellet fuel (by a factor of 0.006). The 
reason for this difference is not clear. It might be an 
artifact in the model due to the fact that void migration 
is calculated independently of the structure, whereas 
in reality the spheres must first sinter to a porous-
pellet-like structure. The result of the comparison 
between computed and observed diameters for the 
central void is shown in Fig. 5. 

 
Fig. 7: Micro-section of the maximum power position 

in the I12U MOX sphere-pac fuel segment 
(LHR 57.4 kW/m; clad temp. 727 K). The 
central void and the fully sintered regions are 
readily seen. 

 
Fig. 8: Micro-section of the I11L MOX sphere-pac 

fuel segment at -87.2 mm from the pin 
centreline (LHR 48.0 kW/m; clad temp. 
688 K). The formation of the central void has 
just started. 
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Fig. 9: Micro-section of the I12d MOX vipac fuel 

segment at -138.7 mm from the pin centreline 
(LHR 43.2 kW/m, clad temp. 683 K). The 
radial structure at the centre is due to 
lenticular pores heading inwards. 

The central void diameter, determined from 
ceramography, is in excellent agreement with the 
NEURAD measurements. As a result of calibration, 
the central void diameter computed with the CEPTAR 
code is in good agreement with that observed for the 
case of sphere-pac fuel. In the case of vipac fuel, the 
computed diameter seems to be underestimated at 
lower powers. However, the result of ceramography 
(although very vague) supports the calculation.  

6.2 Restructuring I Test 

NEURADs were made for all four segments for the 
Restructuring I Test; see Fig. 10, upper part. The 
formation of a central void proceeded during the 
irradiation, and is now also observable in the fuel 
pellets (short fuel column). Micro-sections of all 
segments from this test are shown in Figs. 11 to 14.  

As the pictures show, a central void has also been 
formed in the pellet segment. In the sphere-pac fuel 
segments, the central void has grown in comparison 
to the Initial Sintering Test. The fully sintered region 
now reaches close to the cladding, indicating that 
sintering has continued. Using the fuel performance 
code CEPTAR, which was calibrated with the Initial 
Sintering Test, the central void diameter was 
predicted accurately for each fuel segment. The result 
of comparison between computed and observed 
diameters of the central void is given in Fig. 10. As 
can be seen, the central void diameters computed 
with CEPTAR are in good agreement with the 
observed ones, and the results of ceramography are 
generally in good agreement with the data derived 
from the NEURAD.  
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Fig. 10: Restructuring I Test. Overview of NEURAD 

scan (top), and the results of a comparison 
between the computed and observed 
diameters of the central void from the 
NEURAD and ceramography (bottom).  

 
Fig. 11: Micro-section of R11U MOX pellet fuel 

segment at 70.3 mm from the pin centreline 
(LHR 57.4 kW/m, clad temp. 692 K). A central 
void has been formed. 

7 DISCUSSION OF THE RESULTS 

Three different radial zones can be observed in the 
fuel: (i) a central void; (ii) an inner zone of 
comparatively dense fuel, with columnar grains 
formed by pore migration; and (iii) an outer zone 
consisting of slightly sintered spheres (many small 
spheres were lost there during preparation of the 
micro-section). 
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Fig. 12: Micro-section of the R11L MOX sphere-pac 

fuel segment at -89.7 mm from the pin 
centreline (LHR 51.7 kW/m, clad temp. 
705 K). The central void is filled with some 
small spheres as a result of the preparation 
process. 

 
Fig. 13: Micro-section of the R12U MOX sphere-pac 

fuel segment at -93.1 mm from the pin 
centreline (LHR 51.2 kW/m, clad temp. 
739 K). The central void and the fully sintered 
region reaching close to the cladding are both 
readily discernible. 

The formation of the central void is due to pore 
migration. The characteristic lenticular pores in the 
columnar grain structure, heading towards the centre, 
can be observed in the inner zone (ii). It is interesting 
to note that the micro-section of the Restructuring I 
Test still shows some lenticular pores moving towards 
the centre. The migration of these pores will lead to 
further enlargement of the central void. 

 
Fig. 14: Micro-section of the R12L Np-MOX sphere-

pac fuel segment at -95.0 mm from the pin 
centreline (LHR 50.2 kW/m, clad temp. 
720 K). The central void and the fully sintered 
region are both clearly seen. 

There is hardly any fuel visible in regions where the 
spheres are already sintered to a porous-pellet-like 
structure without being restructured by pore migration 
(i.e. still with equiaxed grains). Such regions could be 
observed in the former sphere-pac irradiation 
experiments. Probably, the temperature gradient in 
this experiment was too steep for of such a distinct 
zone to be formed. 

The size of the central void could be estimated for the 
whole fuel stack with good accuracy by means of 
NEURAD, and could be confirmed by the 
ceramographic measurements. Comparison of these 
experimental results with model predictions shows 
satisfying agreement for all tests, once the void 
migration model had been calibrated for particle fuel.  

Larger discrepancies could be observed in the 
moderate power regions. The sintering of the spheres 
leads to a porous-pellet-like structure that increases 
the thermal conductivity of the fuel bed, and thus 
reduces the fuel temperature. Sintering in the outer 
region, i.e. zone (iii), also takes place, but is too small 
to lead to a porous-pellet-like structure. Nevertheless, 
the sintering will be further analysed at higher 
magnification, since only a slight increase in the 
number of contact points between the fuel spheres 
increases the thermal conductivity markedly.  

As noted above, it is very important that these 
structural changes already occur at the very beginning 
of the irradiation, when the maximum power is 
reached.  

8 CONCLUSIONS AND OUTLOOK 

Particle fuel for fast reactor use undergoes a dramatic 
structural change at the beginning of irradiation. 
These thermally-driven processes (sintering and pore 
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migration) depend principally on the fuel temperatures 
achieved, and can take place within a few hours. The 
changes, i.e. the formation of a central void and the 
densification of sintered fuel adjacent to it, contribute 
strongly to a decrease of the fuel central temperature. 
Thus, the fast and intense restructuring helps to 
prevent central fuel melting at high power levels.  

The irradiation tests performed so far indicate that the 
predictions of fuel performance calculations are 
already of good quality. It is important to note that the 
sintering processes are a part of a corrective feed-
back loop: the higher the temperatures, the stronger 
the sintering, the better the thermal conductivity, the 
lower the temperatures (and vice versa). Therefore, 
larger deviations from experimental results should not 
be expected if the codes are built around the 
significant physical phenomena, and the codes are 
programmed reasonably well. Nevertheless, the 
codes will be further validated by the PIE results of the 
tests yet to be performed.  

It is interesting to note that codes developed for 
sphere-pac fuel might also be able to predict the 
behaviour of vipac fuel to a certain accuracy, provided 
the correct smear density is taken into account. This 
leads to the conclusion that the shape of the particles 
does not have a strong effect on the fuel behaviour. 
The pros and cons of the different particle fuels will 
depend more on fabrication techniques, achievable 
smear densities and homogeneity of density than on 
the particle shape. 

An extensive PIE programme was agreed at the start 
of the project, but only the first PIE results have been 
reported so far. The PIE will be continued, and the 
results will contribute to the development of deeper 
understanding of the fuel behaviour. They will help to 
further validate fuel performance codes dedicated to 
particle fuel, and help to define safety limits for the 
application of particle fuel. 
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