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SUMMARY

Energy storage on the scale of the consumption by a city is a challenge. The sun
may be seen as the sole source of all energy where the energy received converts
from one form to another. Nuclear fuel is also a form of the sun’s energy, as it
derives from energy rich nuclei created in some previous supernova. Nuclear fuel
has the advantage of energy storage; one can package the fuel for use in future time,
and it is a very dense form of energy indeed. The International Atomic Energy
Association has embraced the concept of developing small modular reactors to form
part of the energy mix of future carbon free electricity sources for the growing urban
communities. It is expected that by 2050, the global population will exceed 10 billion
citizens and that the citizens will be crowded into the urban cities and communities.
Small modular and distributed nuclear energy reactors, complimented with
intermittent solar and wind energy resources, could constitute the carbon free power
stations for the future urban communities. This paper focuses on the development of
the simulation model of a single simplified high temperature gas cooled reactor fuel
element surrounded with a helium coolant. A study of the behavior of the neutron
economy of the simulated reactor shows the inherent safety of the fuel pebbles. The
study confirms that with the aid of computational simulations, engineers can promote
strenuous testing of reactor and fuel designs to ensure the safety and sustainability
of the plant. Small modular nuclear reactors are capable of having a radioactivity risk
load of less than that, which currently prevails in the local community hospitals, and
the economics of very long-term energy storage, will make the designs practical and
affordable.
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1 INTRODUCTION

The use of simulations offers the engineer a safe, cheap and accurate environment
in which to analyze neutronics in nuclear reactors. There are two main classes of
calculations for modelling nuclear reactors, deterministic and stochastic. The
deterministic codes are typically faster, as they generally have less detail in the
calculation, and then they solve directly the neutron transport equation at some
efficient level of approximation [1]. Particularly, they rely on a procedure known as
homogenization to replace detail within a specific volume and material with a single
material with an equivalent behavior. The second class of models is stochastic in
nature [2-13]. Here many statistically independent histories for each neutron event
and all secondary events related to its interactions are probabilistically tracked on an
event-by-event basis and various physical data is stored for later statistical analysis.
The physics behavior is modelled by sampling appropriate distributions for each
particle propagation and interaction. The distributions are constructed with
knowledge of reactor state (temperature, material, various properties, the appropriate
microscopic cross sections (probabilities) for each interaction). The geometrical and
material information also set the scene against which the calculation, essentially to
the desired precision takes place. This paper shares the results of investigations by
stochastic Monte Carlo modelling into the nuclear engineering aspects of a HTGCR
fuel element (pebble) immersed in a helium thermal fluid.

The Monte Carlo method as realized in the Geant4 framework was used and its
performance was assessed. Geant4 is a computer program that was developed for
the simulation of the tracking of particles [5-7]. The program was developed and is
maintained by a worldwide collaboration of physicists and software engineers. It is
widely used at the European Organization for Nuclear Research (CERN). The
program employs Evaluated Nuclear Data Files (ENDF) that has a large collection of
cross sections [13].

Pebble Bed Reactor scheme
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Figure 1: Schematic illustration of PBMR core [14]

The nuclear reactor of interest, for this article, will be the Pebble Bed Modular
Reactor (PBMR) with a liquid helium coolant. A schematic of the reactor can be seen
in Figure 1. The PBMR makes use of a unique spherical shaped fuel (pebble) which
is designed to be inherently safe. The fuel pebble consists of, >*U, 38U, c'?, 0%,
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Si®®, with the radioactive material in small kernels in the sphere, enriched to
approximately 8%. [15-16] For the scope of this article the pebble will be spatially
homogenized to reduce the computational power required to run the simulation. This
homogenization is trivial compared to the reactor state dependent homogenization
that maintains the correct behaviors of neutronics properties such as reaction rates
and neutron directional fluxes, however it is sufficient for the purposes of this paper.

A ratio of 2%°U to **8U is selected such that it is 1% lower than that of the ratio used
for the PBMR fuel elements, which is roughly 8% enriched [15-16].

2 PROCEDURE AND VALIDATION RESULTS

The complexity of the final simulation is broken down into steps of development and
validation in the following subsection. Firstly, the basic geometry of the experiment,
was constructed, a sphere representing a fuel pebble in a box. Visualization was
used for validation as seen in Figure 2, and subsequent figures.

Figure 2. Pebble in a box

For the pebble composition, its essentially a graphite pebble containing thousands of
micro-fuel particles, the so-called TRIstructural-ISOtropic or TRISO particles, with the

internal structure as seen in Figure 3 below.
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Figure 3: TRISO pebble [17]
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This structure was simplified by spatial homogenization for mass fraction as seen in
Table 1. Fictitious pebble sizes and compositions could be used to demonstrate the
neutron behavior was responding to anticipated changes in the physics set-up. This
is done by visualizing the Geant4 neutron tracks.

Pebble Construction (3cm radius)

Kernels Kernel . Volume
per size Material De”S'E,y occupied Mass Mass'
pebble | microns (g/cm’) (mm°) ©) Fraction
15000 s00 | Y@M 4597 | 6115 | 1,96 | 0,04248
dioxide
Silicon
Carbide 3,21 610 11 0,007590
Graphite 2,2 111500 245 0,9499

Table 1: Pebble composition

The neutron mean free path (mfp) for various physics process (scattering,
absorption, fission etc) is dependent on the neutron energy and material and varies
from about mm to m dimensions. Below in Figure 4, a fictitious 3-meter pebble was
simulated with fictitious mass fractions. The pebble consisted of 95 percent uranium
dioxide, 4 percent graphite and 1 percent silicon carbide. The cube around the
pebble consisted of helium, which is to be used as a coolant. 2 MeV neutrons were
fired from inside the pebble. We see very few interactions as expected due to the
long mfp in this case. This demonstrates that uranium and helium are poor
moderators for neutrons. At these energies the probability of interaction with the
uranium is very low. The neutron tracks are represented by the green lines

Figure 4: Large 3m pebble with 95% uranium with helium coolant

The helium coolant is then switched to water as seen in Figure 5, showing the rapid
moderation of the neutrons once they enter the water section. The yellow spots
indicate sites where a neutron interaction occurred (mostly elastic scattering in this
case).
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Figure 5: Large 3m pebble with 95% uranium with water coolant (also a good moderator)

The composition of the pebble is then changed to match Table 3. The homogenised
pebble can be seen in Figure 6 where the moderation of the neutrons is achieved by
the graphite matrix. We see essentially full containment of the neutron population,
with only a few have longer straight trajectories in the He fluid surrounding the
pebble.

Figure 6 Large 3m pebble with 95% graphite and helium coolant (poor moderator)

Step 3. To test the isotropy of the neutron source, a central but orientationally
randomized 2 MeV neutron at random positions and angles inside of the pebble. The
pebble dimension is now 60 mm. This will be too small for the containment seen
before. This can be validated visually by taking the pebble setup of Figure 6 and
tracking many neutrons and observing their spatial behavior as seen in Figure 7.
There is no indication of biased orientation seen in Figure 7.
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Figure 7 60mm typical pebble with central 2MeV neutron placement and random orientation

Now the Geant4 library QGSP_BIC_HP is introduced, to provide the physics for high
precision neutron tracking. This library will allow the tracking of neutron collisions
(elastic and inelastic), absorption and fission. The elastic collisions can be validated
visually by the effects of a moderator as seen in Figure 8. At this point the particles
were assigned different colors to make visual understanding easier. Figure 8 shows a
single typical neutron history with the neutron represented as a blue line and
interactions as a yellow dot at the kinks of the blue lines. Absorption followed by
gamma emission leads to a green line. This validates that the library is active.

Figure 8: Small 60mm pebble immersed in a cylindrical He coolant container, with variable
albedo reflection boundary conditions

In order to deal with small reactor sub-volumes, such as a single pebble, a new
Physics Class was introduced into Geant4. Any neutron exciting the (cylindrical)
volume containing the pebble and He coolant was assumed to be balanced by a
neutron entering the volume at the same time. The entering neutron trajectory was
assumed to be equivalent to a reflection off the boundary wall. The reflection
coefficient was modelled by an adjustable albedo. Therefore the fraction of leaving to
entering neutrons could be adjusted, to model neutron escape. This reflection
boundary behavior can be observed in Figure 8.
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Figure 9 displays a zoomed in image of elastic collisions with also photon (green)
from an absorption event that Compton scatters off an electron (red). The other

colors are the background geometry.

Figure 9: Elastic scattering, gamma production and negative particles

Next a method was developed to scale the simulation environment such that any
number of pebbles can be simulated. This was achieved by introducing a hexagonal
closest packing of pebbles inside the cylinder boundary as seen in Figure 10 and
also 11.

Figure 10: Scalability

The figures contain roughly 3000 pebbles placed in a cylinder to resemble a reactor.
The pebbles in the figures are 8% enriched uranium with 95% graphite. In Figure 11
one neutron (blue) was fired from within the cluster. The blue line shows the path of
the neutrons, the faint yellow dots indicate the position of scattering, the green line
indicate neutrals such as gammas and the red line indicates negative particles such
as electrons.



9" CIGRE Southern Africa
Regional Conference

1%' - 4™ October 2019
Johannesburg, South Africa

Figure 11: Single neutron

One can then follow the history of the neutron population in more detail. For example,
one can record the energy of a neutron from its creation (at 2 MeV) until well into its
thermalization, and histogram it as a time sequence, as depicted in graph of Figure
12. The next lower graph of Figure 12 histograms instead the energy of the neutron
after each scattering event in its thermal zone. Here its energy may increase or
decrease depending on the kinematics of each scattering in the moderator. In fact,
the neutron comes into thermal equilibrium with the moderator. Ultimately a quasi-
Maxwellian distribution is established.

U g e g

o

Figure 12: Neutron thermalization and Maxwellian for 1 neutron. The x-axis of the upper graph
is the number of neutron interactions, and that for the lower graph is the neutron energy in
MeV.

The temperature of thermalization can be extracted from this energy distribution. The
departure from Maxwellian behavior in a real reactor is due to removal of neutrons
from the population by interactions that will prefer to remove lower energy neutrons,
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and also by leakage, where higher energy neutrons have a longer mfp and will

preferentially be removed. These effects can be studied using Geant4.

A computer experiment was set up to observe the change in thermalization energy
with a change in the environment temperature. Thus, the simulation temperature was
adjusted to simulate the neutronics at 300K, 700K and 1100K, as seen in the

following 3 Figures, 13-15.
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Figure 13: 10 neutrons thermalization energy and Maxwellian at 300K. The graph is an energy

distribution where the x-axis is the neutron energy in MeV.
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Figure 14: 10 neutrons thermalization energy and Maxwellian at 700K. The graph is an energy distribution

where the x-axis is the neutron energy in MeV.
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Figure 15: 10 neutrons thermalization energy and Maxwellian at 1100K. The graph is an energy
distribution where the x-axis is the neutron energy in MeV.

It can be observed that the fast neutron thermalizes in discrete steps rather rapidly
and then “lives” for a longer period at thermal energies exhibiting a quasi-Maxwellian

distribution. The temperature (O -"Q"Yextracted from these distributes corresponds
well to the moderator temperature.

3 CONCLUSION

To conclude the discussion, we summarize the findings. The Geant4 simulation has
been able to demonstrate the following:

® The basic neutron interactions are modelled.

® Spherical PBMR-like pebbles have been modelled, both as single pebbles
immersed in the He coolant fluid with albedo enabled reflection boundary
conditions, and in a much scaled up multi-pebble scenario.

® Hexagonal closest packing was used, but in principle, an arbitrary packing
could be read from a file to generate the pebble content.

® The pebbles exhibited a spatial homogenization for the TRISO particle
content.

® A container filled with helium as a coolant.

® Neutron thermalization and quasi Maxwellian graphs established the correct
thermal behavior. This indicates the thermal macroscopic cross section
system is modelled within the Geant4 simulation.

The safety case of the HTGCR rests on the correct thermal behavior. At higher
temperatures, the moderated neutron energy distribution has a higher temperature,
as it is in thermal equilibrium with the core. The doppler broadening of the sharp
absorption resonances, particularly for the natural uranium isotope would then lead to
this process outcompeting fission leading to a loss of the neutron population. The so-
called negative temperature co-efficient of reactivity. This phenomenon provides
inherent safety, as any accident is expected to be accompanied by a temperature

10
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increase, which would starve the reactor of its neutron population and shut the fission
process down. The part of this process studied here is only the correct thermal
behavior correlating with the energy distribution of the neutron population.

From the current simulation one could move towards calculating the criticality of the
reactor by examining the neutrons that reproduced themselves in fission. The power
output could be determined by tallying the energy of each fission and absorption
release, including all daughter energy deposition processes. Combining this with the
thermal hydraulics can be done using time slicing and work-flow scheduling. The
thermal model will provide the temperature, and this can be used to generate a new
run of the neutronics with an updated set of macroscopic cross sections and other
relevant reactor state variables. Running the neutronic model will then deliver an
updated thermal power. Iterating between the thermal model and the neutronic model
will allow the criticality and the power to be tracked.

This scheme indicates that the Geant4 Monte Carlo framework can model the
neutronics of a HTGCR. This introduces a modern open source code to supplement
the suite of existing reactor simulation software. The improved and more accessible
simulation tools form part of the improved design case, as well as the safety case
and ultimately the more favorable public perception of nuclear energy.
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