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ABSTRACT

The Very High Temperature Reactor is one of the main candidates for the next generation of nuclear
power plants. In pebble bed reactors, the fuel is contained within graphite pebbles in the form of TRISO
particles, which form a randomly packed bed inside a graphite-walled cylindrical cavity. In previous
studies, the conceptual design of a Transmutation Advanced Device for Sustainable Energy Applications
(TADSEA) has been made. The TADSEA is a pebble-bed ADS cooled by helium and moderated by
graphite. In order to simulate the TADSEA correctly, the double heterogeneity of the system must be
considered. It consists on randomly located pebbles into the core and randomly located TRISO particles
into the fuel pebbles. These features are often neglected due to the difficulty to model with MCNP code.
The main reason is that there is a limited number of cells and surfaces to be defined. In this paper a
computational tool, which allows to get a new geometrical model for fuel pebble to neutronic calculation
with MCNPX, was presented. The heterogeneity of system is considered, and also the randomly located
TRISO particles inside the pebble. There are also compared several neutronic computational models for
TADSEA’s fuel pebbles in order to study heterogeneity effects. On the other hand the boundary effect
given by the intersection between the pebble surface and the TRISO particles could be significative in
the multiplicative properties. A model to study this effect is also presented.

1. INTRODUCTION

Energy demands continue rising in most of the world regions due to three main factors:
the important growth of worldwide population, the increment of the energy consumption
per capita in developed countries, and the development of massively populated countries
such as China and India. Nuclear energy needs to guarantee four important issues to
be successful as a sustainable energy source: nuclear safety, economic competitiveness,
proliferation resistance and a minimal production of radioactive waste. It is necessary to
find a successful solution for the most important contributors to the long-term radiological
hazards from nuclear reactors, specially in environment and social acceptance terms.

Ten countries, mostly with a high performance in nuclear energy, have joined together
to form the Generation IV International Forum (GIF) to develop the future-generation



of nuclear energy systems. The main goal is to provide competitively priced and reliable
energy products while satisfactorily addressing nuclear safety, waste, proliferation, and
public perception concerns [1]. This meeting ended with six systems selected, including
the Very High Temperature Reactors (VHTR).

Pebble bed reactors (PBR), which are VHTR, offer the opportunity to meet the sustain-
ability demands. Such systems use small amounts of transuranic elements in the form of
TRISO particles, confined in graphite pebbles. The PBRs have several operational and
safety advantages; e.g. some designs are controlled by temperature effects instead of con-
trol bars, i.e. the reactor’s design is such that the power can be controlled in an inherent
way by Doppler effect. Pebble Bed Reactors can also use different fuel pebbles in the
same reactor design (although not at the same time). Another important advantages are
the possibility of continuous refuelling, as it is the case of this concept, and that pebbles
are very tight holders for fission fragments and the produced radioactivity [2, 3].

In order to get a more exact PBRs simulation, the double heterogeneity of the system
must be considered. It consists on randomly located pebbles into the core, and TRISO
particles into the fuel pebbles. These features are often neglected due to the difficulty to
model them with MCNP code. The main reason is that there is a limited number of cells
and surfaces to be defined.

2. LIMITATIONS IN MCNPX SIMULATIONS

One of the main difficulties faced when the MCNPX code is used for probabilistic neutronic
simulation of these systems is that the highest number of cells to be defined is limited
(99999) [4]. For instance, in the TADSEA, 14444 (Number of TRISO particles per pebble)
× 94092 (Number of pebbles inside the core) coated fuel particles (CFP) have to be
modeled. This composition corresponds to a density of 10.33 g/cm3 and 5 g of metal for
CFPs of 200µm kernel radius.

Another important issue is that the highest number of surfaces defining a single cell is
2000 in most of MCNP codes versions [4]. Moreover, the different calculation capabili-
ties that different researchers use to perform their studies influence significantly on the
geometric models. These inconvenient can be solved with the “repeated structure” pos-
sibility. It has been used in many studies [3, 7, 8], but it introduces an approximation
in the geometry of the system. This is because the pebbles and CFPs are located in a
symmetric configuration, neglecting their randomly location.

In most studies, the simplification of geometric models is made by homogenizing one or
some zones [3, 7, 8] or distributing the CFPs within the pebbles in a regular way, as well
as the pebbles inside the core [5, 9]. In some of them, truncated CFPs and pebbles are
not eliminated as well, and in some others only one of these features is considered [6].
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3. TRISO FUEL

The fuel used in PBRs is very different from that used in conventional nuclear power
plants. The current fuel design for such systems, TRISO coated fuel particle, is composed
by the kernel, the buffer, the inner pyrolytic carbon (IPyC) layer, the silicon carbide
layer (SiC), and the outer pyrolytic carbon layer (OPyC) (Figure 1). The kernel contains
nuclear fuel, and its composition during the operation controls the basic chemistry of the
coated fuel particle. The kernel material is commonly UO2. Other kernel designs with
PuO2, ThO2, UCO, UC2, and their mixtures are also under consideration [11].

Figure 1: TRISO fuel

TRISO fuel was design to keep its properties and retain fission products under operation
and accidental conditions. Very high burnup levels have been successfully achieved with
these particles, what is the main goal of the Deep-Burn Transmutation concept [10]. This
new concept is a different option for the destruction (transmutation) of hazardous species
contained in the spent fuel from light water reactors (LWRs) and other sources [10, 12].
The most important properties of TRISO layers are described in [11, 13] and TRISO
particles features used in the TADSEA conceptual design are shown in Table 1.

Table 1: Geometrical and material data of the detailed description of TRISO

Material Radius (µm) Density (g/cm3)

Kernel 200 10.33

Porous carbon layer 287.5 1

Internal layer of pyrolytic carbon 375 1.85

Silicon Carbide layer 437.5 3.2

External layer of pyrolytic carbon 500 1.85

4. STUDIED MODELS

A fuel pebble was modeled assuming white boundary conditions. A particle hitting a
white boundary is reflected with a cosine distribution, relative to the surface normal.
They also can be used to approximate a boundary with an infinite scatterer [4].
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The pebble is a 2.5 cm radius sphere, where the TRISO particles and the moderator
graphite are pressed. This spherical volume is covered with a 0.5 cm thick spherical shell
made of graphite acting as moderator. The fuel is 6% enriched UO2. It was considered a
radius of 200 µm and a UO2 density of 10.33 g/cm3 for kernel modeling.

The single pebble was modeled assuming four different configurations, and in all cases
the graphite density was 1.7 g/cm3 in order to simplify the homogenizing process taking
into account that the main goal is to compare the qualitative neutronic behavior with the
others models.

I. Homogeneous Pebble

II. Five Zone Homogeneous Pebble

III. Detailed Geometry

IV. Randomly Detailed Geometry

4.1. Homogeneous Pebble

It was considered a homogeneous composition within the fuel zone (the 2.5 cm radius
sphere), using a proper mass fraction for carbon, silicon and fuel. Fuel micro-particles
are dissolved in a carbon matrix and the whole volume, which is not occupied by fuel or
silicon, is filled with carbon. Several mass and enrichment values can be considered for the
single pebble (Figure 2). This model is unable to describe in detail the fuel block effects,
besides it can not be performed other studies such as the spectra within the microparticles,
the influence on the uniformity of pebble packaging in the multiplicative properties, the
flux and power distributions and energy release inside the pebble, which would allow to
obtain a more accurate description of the TADSEA from the neutronic point of view.

Figure 2: Model I

4.2. Five Zone Homogeneous Pebble

The fuel zone was radially divided in five sections with the same volume. It was calcu-
lated the packing fraction per zone, considering the number of CFPs according to their
random distribution. Then, each zone was homogenized with the corresponding density
(Figure 3). In this model, even when the exact amount of CFPs per zone were consid-
ered in the homogenization proccess, the approaches are the same that in the complete
homogenization of the pebble, and also the impossibility of further studies.
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Figure 3: Model II

4.3. Detailed Geometry

The detailed modeling of TRISO fuel was carried out. The layers covering the TRISO
particle were modeled using the exact densities and dimensions. In order to get a detailed
geometry similar to the homogeneous mix, it was necessary to calculate the amount of
CFPs that guarantees the desired fuel mass in the pebble. The CFPs are uniformly
located in a lattice in a hexagonal array within the pebble. First of all, the number of
CFPs (N) (that can fill the plane where the hexagonal lattice is located), is calculated.
Secondly, according to N, a repeated structure, consisting on a CFP and its five layers,
was created. Then, the repeated structure was spread for the whole plane (Figure 4).
This model has two major approaches: the uniform CFPs arrangement inside the pebble,
which loses the real randomness of the CFPs location, and the intersection of the pebble
surface with the CFPs, causing that the considered mass in the pebble is less than the
real one because the intercepted CFPs are not considered in the geometry.

Figure 4: Model III

4.4. Randomly Detailed Geometry

Every CFP was individually modeled with a randomly location inside the pebble. The
CFP layers were defined in different cells, as well as the graphite matrix where the CFPs
are encapsulated. Every cell was included in the same universe and the fuel pebble is
filled with that universe, which forms the whole fuel particle.

In order to define the kernel, just one surface is needed because it is the inner layer. On
the other hand, to define the other ones, two surfaces are needed which confine the volume
respect to the designed layer. When fuel pebbles are designed, for example with 1.5 g
of fuel, 4333 CFPs are required, considering 200 µm of radio and a metal fuel density
of 10.33 g/cm3. Therefore, the kernel cell has 4333 surfaces and the other ones 8666,
exceeding the maximum number of surfaces allowed in MCNPX (2000).

In order to decrease the number of surfaces per cell keeping the random position of
TRISO particles, the pebble was divided into octants. This way, instead of defining one
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cell per layer, eight cells are needed. The input file conformation is more complicated,
but the restrictions regarding the number of surfaces are solved without other kind of
approximations like geometry repetitions or reflections (Figure 5).

Figure 5: Model IV

5. TRISO PARTICLES FAILURE PROBABILITY

In fuel pebbles, the number of CFPs will depend on the fuel mass and the way they
are distributed inside the pebble. This is an important criterion in the study since the
relation between the volume occupied by the fuel and the total pebble volume, i.e. the
packing fraction (PF), affects the effective multiplication factor (Kef ). Determination of
the PF and the optimal particles dimensions is an interesting problem and also unsolved.
The work [15] is a first attempt at determining the influence of the packing fraction in
the impact that the particles failure could have in the 2.5 cm radius fuel zone of pebbles
with 3 cm radius.

The upper limit for the PF of the TRISO fuel particles in a pebble is determined by
the particle failure rate and the effect of packing on this failure rate. The fuel particle
behavior depends on, among other parameters, the proximity of the particles within the
pebble. This is due to the particles too close ones to others could be damaged during the
isostatic pressure state “during construction of the pebble” [15, 16, 17].

The posibility of damage to fuel particles caused by the proximity of two of these is well
established experimentally. To predict the fraction of particles that fails because of this,
it is necessary to define a critical distance between particles, below which is assumed
this failure. Assuming this critical distance is known, the number of particles that are
within a distance less than this limite with its nearest neighbor is calculated. Most recent
encapsulation techniques of TRISO particles have reduced the failure rate to 1.4 × 10−5,
which is considered to be the lower limit for the cold pressing technology [15, 17].

5.1. Spatial Distribution Law for Independently and Randomly Distributed
Particles

If the particles are very small and diluted, it can be assume a variety of conditions [15]
which guarantee that the distribution of the particles is given by the Poisson distribution.
If µ is the average density of the particles, the average number of particles found in a
volume V will be m = µV and the probability to find exactly n particles in the region
located at a comprised distance r from any arbitrary point is given by the equation 1:
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pn(r) =
((4/3)πr3µ)

n

n!
exp(−4

3
πµr3) (1)

On the other hand, the fraction of all the particles located at a distance less than an
specific one (rc) of their nearest neighbor could be calculated by the equation 2:

fd(r) = 1 − exp(−4

3
πµr3c ) (2)

This probability distribution is applied only when the validity conditions of the Poisson
distribution are met, and may not be applicable in practice. In fact, these conditions
are not met when the packing fraction is too high and the particles are not considered
dilute within the container matrix. On the other hand, these conditions are not met due
to the finite nature of the particles (they are not points because they have radius) and
the dependence of their relative positions (two particles cannot overlap). For these cases,
analyticals distributions functions to describe de real situation were developed and they
can be found in the literature [15].

6. COMPUTATIONAL TOOL

The strategy used in this work was defining the centers of every CFP in a random way. A
computational tool, which allows the random generation of every CFP centers coordinates,
was created. A code to generate the random distribution of CFPs within the pebble and
perform the geometry for the input file was developed by using FORTRAN 95. The
algorithm flow chart is shown in Figure 6.

7. COMPUTATIONAL TOOL VALIDATION

As it was discussed earlier, the failure probability of the TRISO particles is directly
asociated to the distance between the particles inside the graphite matrix. If the particles
are very tiny and they are diluted (it can be assumed the validity conditions of the Poisson
distribution) there is an analytical expression to obtain the fraction of all the particles
located at a distance less than an especific one (rc) of their nearest neighbor.

In this work a numerical aproximation for the particle distribution was obtained. A code
to estimate the number of touching particles in a realistic 5 cm diameter pebble fuel zone
was made. According to [17], touching particles are those which the distance between
them are less than the critical distance of 180 µm.

The distance between each particle and its nearest neighbor was calculated. The Figure 7
shows the behavior in a histogram with 5 µm of interval for two size of particles: particles
with 0.01 cm of radius (they can be considered as points, figure on the left) and particles
with 0.05 cm of radius (standard dimensions, figure on the right). The results shows that
the Poisson distribution described correctly the distance between the nearest neighbor for
tiny particles.
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Figure 6: Program flow chart

For standard particles, the Poisson distribution is considerably deviated from the real one
(Figure 7, right). Starting from the peak at 0.1 cm with 35000 particles of 0.05 cm, it can
be deduced that when the density is high, many particles are too close with the others.
These results in both cases matches with the reported in [15] for a similar computational
tool (Figure 8).

8. STUDY OF FOUR MODELS FOR THE FUEL PEBBLE

The four models presented above were studied considering an initial fuel mass of 1.5 g and
white boundary conditions were assumed. Therefore studying the system multiplication
properties, the calculation of the effective multiplication factor was done without leakage
of particles (K∞), particularly neutrons. Table 2 shows the results for K∞, as well as the
standard deviation.
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Figure 7: Distance distribution between nearest neighbor (Particles with
radius of 0.01 cm (left) and particles with 0.05 cm of radius (right))

Figure 8: Distance distribution between nearest neighbor (Particles with
radius of 0.01 cm (left) and particles with 0.05 cm of radius (right)) [15])

Table 2: K∞ results for four used models (1.5 g of fuel)

Model Histories/Cycles K∞ Standard deviation

I 10000/2000 1.40866 0.00010

II 10000/2000 1.40761 0.00010

III 5000/1000 1.43249 0.00017

IV 1000/250 1.43268 0.00079
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In Table 2 it can be observed that homogeneous models (I and II) have similar K∞
values. The same occurs in heterogeneous models (III and IV), which consider the detailed
geometry. The small difference between K∞ values suggests that it is originated by
statistics, as it matches the precision’s order that the calculation was made with.

9. FUEL MASS INFLUENCE ON MULTIPLICATIVE PROPERTIES

The K∞ value was calculated using the proposed models with four different mass values
of UO2 inside the pebble (1.5, 2.5, 6 and 10 g). These values were selected because for
TRISO fuel, formed by the spent fuel from the LWRs, low values of transuranic dioxides
in the pebble are used. On the other hand, when traditional fuel (U y Th) has been used
in High Temperature Reactors, the selected fuel mass per pebble is about 10 g. The main
goal is to guarantee the correct duration of fuel cycles and a burn up about 80 GWd/ton.

The results are shown in Figure 9. When the mass of UO2 is modified, the results for
the multiplicative properties behavior agrees with previous results for this kind of fuel
[14]. K∞ value increases until a point from which it starts decreasing. In Figure 9, a
correspondence between the K∞ values of the homogeneous models (I and II) is observed.
However, for the highest fuel mass value (10 g), a difference between the K∞ values appear
due to a light influence of the non-uniformity in CFPs distribution, even for homogeneous
models.

Figure 9: K∞ values with different mass values of UO2 using the four
proposed models

Regarding the heterogeneous models (III and IV), a correspondence between the K∞
values is observed for low mass values of UO2 (what implies less number of CFPs). As
the fuel mass increases, the difference is much more remarkable. This behavior can be
explained by the fact that in model III, despite the heterogeneity is considered, the CFPs
are uniformly distributed. Hence, the minimal distance between the CFPs in model
III is limited. In model IV CFPs are not uniformly distributed and may appear much
more grouped. This way, the self-shielding could increased, modifying the multiplicative
properties.
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10. ENERGY RELEASE PROFILES INSIDE THE PEBBLE

The working temperature of the fuel is limited in Pebbles Bed Reactors. In general these
systems work very close the allowed values. Because of this, the study of the energy
release profiles inside the fuel pebble is necessary.

In order to obtain the radial distribution of released energy per unit volume, energy tallies
in five concentric sections with the same volume were defined for each model. Figure 10
shows the released energy per unit volume normalized respect to the highest value in
every model. The calculations were performed for different fuel masses inside the pebble.

Figure 10: Profiles of released energy inside the pebble

The released energy profile in model I is almost a flat curve. This occurs because the power
density is proportional to the fission rate per volume, and as the system is homogenized,
the density is considered constant through the whole geometry. Therefore, the fission
rates are practically the same at any location.

For the detailed geometry (III), radially uniform distribution profiles are obtained, mainly
as the fuel mass increases. In model III, despite the CFPs heterogeneity is considered,
these are uniformly located. Hence, the number of CFPs per unity volume is constant
and then the fission rates are too.

The results for model IV show that energy density presents its minimum value in the
middle of the pebble and its maximum in the intermediate zone where the profile is flat
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Figure 11: Profiles of released energy inside the pebble, for models II and
IV, and the number of CFPs per zone

shaped. The energy density decreases in the outer zone. The results agree with the
number of pebbles located in each zone. However, it is not an exact correspondence due
to the heterogeneity of the model, which produces shielding between CFPs.

The obtained profiles for model II correspond exactly to the number of CFPs per zone
according to the random distribution (see Figure 11). The results respond to model
limitations since many CFPs are not entirely located inside a zone but they are truncated
by the bounding surfaces of the zones. Inside the zones where the homogenization is
made, this effect that could significantly influence the energy release, is neglected.

11. BOUNDARY EFFECTS ON THE K∞ VALUE

In agreement with the previous analysis made for Model III, one important approach
or deficience of this model in relationship with the exact random one, is the boundary
effect given by the intersection of the pebble surface with the inner CFPs, CFPs that
are left out of the geometry. In order to study the influence of this effect on K∞ value,
it was designed a model with a uniform distribution of the CFPs inside the pebble and
those CFPs intercepted by the pebble surface are visually removed of the arrangement
and relocated in the following planes, making that all the CFPs are full considered inside
the pebble (Model V, Figure 12). White boundary conditions and several masses values
in the pebble (1.5g, 3.0g, 5.0g, 6.0g y 10.0g) were considered and the results of K∞ were
compared with the obtained for Model III where the boundary effect is present.

Taking into account the number of considered CFPs in the pebble, it was created a 0.1
cm simple cubic lattice. On each element of the arrange was assigned a universe that it
can be composed by a TRISO particle and the surrounding graphite or just graphite if in
that position there are no fuel (Figure 12).

The fuel composition used in this study is the designed for the HTR-10 reactor, such as
the geometry, composition and materials of the CFPs which are described in [5]. This
composition was chosen because there are experimental data for Kef , and this effect can
be evaluated at reactor scale in later studies.
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Figure 12: Model V

Table 3: K∞ vs. Mass results for Models III and V

Mass (g) Model III Standard Deviation Model V Standard Deviation

1.5 1.69288 5.6·10−4 1.69165 5.4·10−4

3.0 1.72365 5.8·10−4 1.72575 5.8·10−4

5.0 1.67748 6.6·10−4 1.68216 6.3·10−4

6.0 1.64801 6.7·10−4 1.65390 6.7·10−4

10.0 1.54348 7.3·10−4 1.55112 7.3·10−4

K∞ values obtained for the studied masses are shown in Table 3 and its behavior is shown
in Figure 14 for 95% of confidence level. It is observed that with increasing the value of
the mass of fuel per pebble, the influence of the boundary effect is bigger (Figure 13),
and for the minor mass (1.5g) there are no significative differences between the models.
These results are obtained because when the mass is small the number of particles left
out of the geometry in Model III is not significative and the values obtained in the two
models are statistically equal for 95%(K∞± 2σ) (Figure 14). For values bigger than 1.5g
of mass it can be said that for the studied signification level, the results have significative
differences for the two models, due to the mass not consider in the geometry of Model III
its important.

Figure 13: Relative error behavior between Model III and V for the studied
masses
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Figure 14: K∞ vs. Mass results for Models III and V for 95% of significance

12. CONCLUSIONS

The detailed modeling of TADSEA should be made taking into account the detailed
description and random location of CFPs inside the fuel pebble. It is very important the
study of the random location influence on the energy release profiles and multiplicative
properties of the system.

The developed computational tool allows obtaining the random distribution of coated
fuel particles inside the fuel pebble. This tool takes into consideration that fuel particle
surfaces must not intersect each other and must not intersect the limiting surface of the
graphite matrix where they are contained.

The geometric model of a fuel pebble performed for the probabilistic neutronic calculation
with MCNPX, describes the heterogeneity of the CFPs and their random position inside
the pebble. This model considers the possibilities and limitations of MCNPX code.

Four different geometric models were studied for the fuel pebble: Homogeneous Pebble,
Five Zone Homogeneous Pebble, Detailed Geometry, and Randomly Detailed Geometry.
For all of them, a fuel pebble with white boundary conditions was defined.

The multiplicative properties of the system (K∞ value) were studied with the four pro-
posed models, using different fuel mass values in the fuel pebble: 1.5, 2.5, 6 and 10.

There are no significative differences in K∞ value between the homogeneous models (I
and II), and the same result was obtained for the heteogeneous models (III and IV).
Differences appear in the comparison between homogeneous and heterogeneous models,
showing the influence of heterogenities in the K∞ value for this kind of fuel.

When the mass of UO2 is modified, the multiplicative properties behavior agrees with the
obtained results in previous studies for this kind of fuel. The K∞ value increases until a
point from which it starts decreasing.

The study of the energy release profiles for the proposed models was made using different
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fuel mass values. In models I and III, the energy release profiles are almost radially
uniform. In models II and IV, the shape of the energy release profiles is in accordance
with the number of particles contained in each zone per unit volume.

The boundary effect given by the intersection between the pebble surface and the CFPs
have a strong influence on K∞ value for fuel masses in the pebble bigger than 1.5g. This
influence is increased with increasing of fuel mass, being insignificant for the minor mass
studied (1.5g) when the fuel is considered on infinite dilution.
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