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This Bachelor’s thesis focuses on neutron reflectors applied in nuclear power production.
This research aims to find the most suitable material for use in the heavy baffle reflector type
commonly applied in light-water reactors. The materials chosen are heavy water, nuclear
graphite, beryllium, beryllium oxide and stainless steel. The materials are compared in
identical spherical reactor core conditions using the Serpent reactor physics code. The
various thicknesses chosen for the research are 25 cm, 61 cm and 150 cm. Simulations are
conducted at 600 K and 900 K, similar to those in light-water and high-temperature reactors.

As a result, beryllium oxide tends to have overall greater efficiency at various thicknesses
and temperatures. At a maximum researched thickness of 150 cm and temperature of 600 K,
the best reflector is heavy water, with slightly better results than beryllium oxide. At the
same thickness and a temperature of 900 K, the best reflector is graphite, with an overall
efficiency less than 1% higher than beryllium oxide. Noticeably lower albedo was noted for
the stainless steel reflector. The total reflection was not reached at a thickness of 150 cm.
Despite the identical reactor core conditions, major fluctuations in the effective
multiplication factor were noted. The relative uncertainty of the Monte Carlo simulations
was below 1.9%. The mesh results represent the temperature distribution in the core with a
reflector thickness of 61 cm. The results of this research mainly aligned with other similar
studies conducted in the same area of interest.



SYMBOLS AND ABBREVIATIONS
Roman characters
J neutron current n/cma?/s

k multiplication factor -

Greek characters

a albedo -

o neutron cross section barn
Subscripts

S scattering

a absorption

eff effective

+ incoming current

- outgoing current

Abbreviations

BWR Boiling Water Reactor

PWR Pressurised Water Reactor

VVER Vodo-Vodyanoi Energetichesky Reactor, Water-Water Energetic Reactor
EPR European Pressurised Reactor

CANDU Canada Deuterium Uranium Reactor

LWR Light-Water Reactor

HTR High-Temperature Reactor



SMR Small Modular Reactor
AGR Advanced Gas-Cooled Reactor
MAGNOX Magnesium Non-Oxidising

RBMK Reaktor Bolshoy Moshchnosti Kanalnyy, High-Power Channel Reactor

ENDF Evaluated Nuclear Data File

ACE A Compact ENDF

JEFF Joint Evaluated File for Fission and Fusion

OECD Organisation for Economic Co-operation and Development
NEA Nuclear Energy Agency

INEEL Idaho National Engineering and Environmental Laboratory
ATR Advanced Test Reactor

RFC Reflector Feedback Coefficient
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1 Introduction

Nuclear power plants for energy production have been in use for over 65 years. It is a stable
and sustainable way of energy supply, with no greenhouse emissions and enhanced safety.
Even though it is an outstanding method of energy production, it is still important to upgrade
the technology to increase efficiency while maintaining safety. As the share of nuclear
energy grows, conducting various research on this topic is vital. (International Energy
Agency & Nuclear Energy Agency, 2010)

As technology goes further, a new generation of nuclear reactors is coming, as well as
modern modifications to already existing ones. Therefore, this research is conducted to
contribute to the development. The study is focused on different materials that can be applied
in nuclear power reactors to act as neutron reflectors. Neutron reflectors return the neutrons
back inside the reactor core since they are crucial for the chain reaction. Effective neutron
reflectors can result in fuel savings by contributing to the neutron economy. They also help
to balance reactor properties such as temperature and neutron flux inside the core, while
reducing irradiation on outer structures, thereby enhancing overall safety. Thus, it is

important to find the most optimal material to increase the performance of the reactor.

This research models a reflector similar to a heavy baffle reflector. Using the continuous-
energy Monte Carlo particle transport code in Serpent software, identical conditions are
achieved by simulation of a core of the same size and fuel enrichment, with various materials
acting as neutron reflectors. The research questions include how the identical core
conditions, except for the reflector material, influence the albedo coefficient. Additionally,
the study examines the temperature gradient, neutron flux, and effective multiplication factor
with different materials. The further aim of the research is to identify the most suitable
material for use as a neutron reflector in nuclear power production. The effect of the
reflector's thickness and the concept of the infinite reflector are also studied to determine

whether total neutron scattering by the reflector is possible.

Since nuclear reactors operate under extreme conditions, it is important to set necessary
restrictions for the material requirements. Materials should be resistant to high temperature,
pressure, neutron and gamma radiation. Since a heavy baffle represents a solid reflector, one

of the restrictions for this research is the need to have a material in a solid state inside the



reactor pressure vessel. The only exceptions are materials that also act as moderators and
coolants inside the reactor. Simulations are conducted at 600 K, similar to the typical
temperature of a light-water reactor (LWR), with additional simulations at 900 K to analyse
possible applications in high-temperature reactors (HTR). Materials are compared only
based on their performance; their cost and availability are not taken into account.

The focus of this research is set on finding the best neutron reflective material for light-water
reactors, primarily, such as boiling water reactors (BWR) and pressurised water reactors
(PWR). Since LWRs are thermal reactors, neutrons in the simulations are limited to thermal

only, so fast neutrons are not considered.

This study first introduces a deeper theoretical overview of neutron reflectors and their
importance and application in nuclear power production. Then, different materials are
presented and chosen. The methodology section presents the calculation method and
describes the simulation code and parameters in Serpent. The results chapter displays various
data obtained in simulations and displays them in graphs, while the discussion part analyses

the outcomes of the simulations and possible errors.



2 Neutron reflector

A neutron reflector is a material that can reflect neutrons. The main principle of the neutron
reflector is scattering, which could be compared to the scattering of light in snow. The
neutron scattering length defines the efficiency of the scattering material, thus scattering
cross section is important during the selection of material. Furthermore, the neutron reflector
IS scattering neutrons, without absorbing them, so the absorption of the neutrons should be
considered (Cubitt and Fragneto, 2002). The albedo of the reflector is the coefficient of
reflection and describes the total probability of the incident particle being reflected in any
direction (Azimkhani, Zolfagharpour & Ziaie, 2017). Albedo can be defined as the ratio of
the outgoing to the incident neutron currents. The theoretical maximum albedo value is 1.
Typical albedo values vary from 0.91 to 0.97 for graphite, beryllium, beryllia, and heavy

water at diverse thicknesses depending on the material (Reuss, 2008).

Reflectors are typically used in applications where neutrons are crucial to the system since
they prevent neutron leakage. Applications can vary from scientific research to commercial
use. (Cubitt and Fragneto, 2002)

2.1 Neutron reflectors in nuclear power reactors

The neutron reflectors are commonly applied in power production at nuclear reactors.
Nuclear power plants are thermal power stations that use uranium fuel. The heat inside the
reactor core is generated by fission - a nuclear reaction, in which a neutron splits a uranium
(U-235) atom while producing an additional two to three neutrons, fission products and heat.
Released neutrons in turn split subsequent nuclides, starting the chain reaction that is crucial
for nuclear reactor operation. In light-water reactors, normal water is used as a coolant and
moderator. In BWR, water is heated and boiled in the reactor core, and steam separated from
the coolant in the reactor pressure vessel goes to the turbine and produces electricity similar
to a conventional thermal power plant. In PWR, steam is produced in steam generators.
(Teollisuuden Voima Oyj, 2013)

The role of a neutron reflector is to reduce the number of neutrons leaking from the reactor

core. Modern light-water reactors are equipped with two types of neutron reflectors: core



baffles and heavy reflectors. Typically, these reflectors are installed only in the radial
direction. The neutron reflectors located on the sides of the reactor core help achieve a more
uniform distribution of neutron flux and, consequently, a more uniform temperature
distribution. By reflecting neutrons back into the reactor core, the neutron economy is
enhanced, potentially leading to fuel savings. This reflection allows the chain reaction to
continue more efficiently. Additionally, increased neutron flux at the edges of the core
contributes to more efficient fuel utilisation. The reactor vessel's irradiation can also be
reduced, as fewer neutrons escape the core. Irradiation damages the structure on a molecular
level and can lead to the formation of dislocation loops and material cracking (Deng et al.,
2017). For these reasons, neutron reflectors play a significant role in nuclear reactors. (Kang
etal., 2016)
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The location of the baffle of the neutron reflector can be seen in Figure 1 above. The reflector
surrounds the reactor core that consists mainly of fuel assemblies, moderator and support

structures.

2.2 Types of neutron reflectors

The usual categorisation of reflectors includes light core baffles and heavy reflectors, both
having their advantages and disadvantages. Light baffles generally consist of a thin layer of
steel followed by water in the outer space. This type of baffle has a lower neutron economy
than a heavy reflector but is cheaper and more affordable due to its simpler design. The
heavy reflector is typically a forged stainless steel construction that backscatters neutrons
more effectively to the core and protects the vessel from irradiation with higher efficiency.
However, this results in a more complex structure and increased costs. Additionally, heavy
reflectors require more space and are more prone to void swelling. Since both types of
reflectors have their respective advantages and disadvantages, the choice of reflector for a
power plant may vary. For instance, the VVER-440 reactor type uses a light baffle, while
VVER-1000 and EPR use heavy reflectors (Kost'al et al., 2022).
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3 Neutron reflective materials

Any material that has the capability to reflect neutrons can act as a neutron reflector. Since
neutrons play a key role in reactor physics, it is important to reduce their leakage from the
reactor core. The material used in a neutron reflector should have a low neutron absorption
and high “reflectivity”. These can be described by absorption and scattering cross sections.

(Kost'al et al., 2022)

3.1 Neutron cross section

The cross section can be defined as a measure of the probability of occurrence of a nuclear
reaction, particularly the collision of nuclides. Thus, the term scattering cross section
appears. It can be noticed that the higher scattering cross section means a higher probability

of scattering reactions between nuclides. (Murray, 2009)

The neutron scattering can be described in two ways: elastic and inelastic. An elastic
scattering describes the basic interaction between nuclides. In this type of reaction, a neutron
simply bounces off the nuclide and continues moving in a different direction with a change
in energy. Inelastic scattering, on the other hand, is the process of absorption of a neutron by
a nuclide and the release of another neutron from a nuclide due to an excited state. As
mentioned above, the scattering cross section, noted as os, describes the chance of neutron
scattering, while the absorption cross section oa represents the likelihood of neutron
absorption. Therefore, the total cross section is a probability that can be presented as a sum

of scattering and absorption cross sections. (Murray, 2009)

3.2 Typical materials

Nuclear reactors operate under extremely harsh conditions that establish numerous material
requirements. The operating environment includes high pressure and temperature, as well as
extensive radiation levels; hence, the material is supposed to withstand the conditions.
Additionally, the material should be solid inside the reactor, as indicated by the case study

on heavy reflectors. Furthermore, coolant and moderator can be chemically reactive, so this



12

should also be considered. Besides, the material must be highly stress-, oxidation- and

corrosion-resistant. (Zinkle and Was, 2013)

Stainless steel suits all the previously mentioned requirements. Different stainless steel
alloys are widely used in nuclear power plants, including neutron reflectors (Frybort et al.,
2020). Furthermore, water, beryllium and graphite are often applied inside the research
reactors as moderators or reflectors (Ahmad, Ahmad & Aslam, 2006). For this reason, they

were also included in this research.

Additionally, lead and hydrogen were added to the research. The decision was based on the
high ratio of the total scattering cross section to the absorption cross section. In other words,
these materials have a higher capability to act as a better neutron reflector. Table 1 presents

an overview of the total and absorption cross sections of neutrons for the selected materials.

Table 1. Cross sections of the most important nuclides of the selected materials.

Nuclide Total cross section Absorption cross section
[barn] [barn]

Hydrogen 82.03667 0.33268
Deuterium 7.64333 0.00052
Beryllium 7.63222 0.00769
Graphite 5.55933 0.00354
Oxygen 4.23267 0.00019
Chromium 3.49222 3.05889
Iron 11.62101 2.56333
Nickel 18.53333 4.49162
Lead 11.11878 0.17122

The cross section values presented above were evaluated at the energy of 25.3 meV and

average velocity of 2200 m/s (Sears, 1992).

3.2.1 Water

Water is a widely accessible material used in multiple types of nuclear power plants as a

coolant and moderator, and it acts as a neutron reflector. In LWRs, light, also known as



13

normal water, serves as reactor coolant, neutron moderator and reflector. In CANDU, heavy

water is applied similarly. (Lee, 2020)

Light and heavy water consist of different hydrogen isotopes, making them molecularly
different. Heavy water consists of one atom of oxygen and two atoms of deuterium, a heavier
hydrogen isotope that has an additional neutron. Due to that, the neutron absorption cross
section is smaller, resulting in less efficient neutron capture, which is a beneficial
characteristic for a neutron reflector. Water is a suitable material for this research, with heavy
water being particularly applicable for the neutron reflector simulation process.
(Tsoulfanidis, 2013)

3.2.2 Beryllium

Beryllium is a toxic, lightweight mineral known for its high durability and thermal
conductivity. It has a large scattering cross section and a low neutron capture probability,
and it can also act as a neutron moderator. With a melting temperature of 1558 K, beryllium
is suitable for use as a heavy reflector. Beryllium has been applied as a neutron reflector in
a few test reactors, including the Idaho National Engineering and Environmental Laboratory
(INEEL) and the Advanced Test Reactor (ATR). (Tomberlin, 2004)

Even though there are a lot of beneficial characteristics, in long-term exposure to intense
gamma and neutron radiation, helium produced in neutron capture reactions slowly builds
up in beryllium, which results in swelling and altering the mechanical properties of the
reflector material (Tomberlin, 2004). Other neutron capture reaction byproducts include
isotopes Li-6 and He-3, which have relatively high thermal neutron capture rates, and the
radioactive isotope tritium (H-3), causing potential issues in nuclear reactor waste streams
(Longhurst, 2007).

Alongside pure beryllium, beryllium oxide (BeO) is currently being researched for
applications in high-temperature reactors (HTR) and small modular reactors (SMR)
technologies. Beryllia has superior properties, such as better thermal conductivity and a
higher melting temperature of 2787 K (Atkinson et al., 2019). Therefore, both Be and BeO

were included in the research.
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3.2.3 Nuclear Graphite

Nuclear graphite is highly purified graphite that is manufactured artificially. It is commonly
used in various reactor types, such as gas-cooled reactors like Advanced Gas-Cooled Reactor
(AGR), Magnesium Non-Oxidising (MAGNOX), and High-Temperature Gas-Cooled
Reactor (HTR), as well as Russian RBMK (Reaktor Bolshoy Moshchnosti Kanalnyy, High-
Power Channel-Type Reactor) reactors, serving as moderators, reflectors, or is contained

within the fuel matrix. (Fachinger, von Lensa & Podruhzina, 2008)

Nuclear graphite contains over 99.9% of carbon, while less than 0.1% consists of impurities.
Its operating conditions are up to 1000 °C and 100 atm, while it also has high resistance to
radiation and significant thermal and mechanical stability (Wilczopolska et al., 2024). Since
it is already applied in nuclear reactors of various types, it is worth researching its

implementation in light-water reactors as well.

3.2.4 Lead

Lead, particularly its stable isotope Pb-208, is currently being researched for use as a neutron
reflector in fast reactors. Having a moderate scattering cross section and extremely low
neutron absorption, Pb-208 could be considered a highly efficient reflector (Kulikov, 2019).
Unfortunately, the melting point is 600 K, which equals to the operational temperature of a
LWR; therefore, there is a high chance of lead melting inside the reactor core (Kozyrev &
Gordeev, 2022). The majority of studies conducted include lead being a neutron reflector in
fast reactors. Since this research was focused on thermal reactors, it was not included in

further research.

3.2.5 Hydrogen

Hydrogen has the largest scattering cross section in the periodic table out of all the elements
(Sears, 1992). However, the melting point of hydrogen is less than 20 K, thus, it cannot act
as a heavy reflector in current research (Gupta, Basile & Veziroglu, 2016). Furthermore,
hydrogen is highly reactive and can form further compounds that can have a negative effect

on the structural integrity. It can also potentially cause embrittlement in metals (Lawrence
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& Wharry, 2020). Future studies may include the utilisation of solid hydrogen in the reactor

core and its application as a neutron reflector, although it was not included in this research.

3.2.6 Stainless steel

Stainless steel SS304N is typically used in heavy reflectors in EPR reactors (Bresson et al.,
2018). Stainless steel is often used in various industrial processes due to its corrosion
resistance, enhanced strength and toughness, and great temperature and pressure resistance.
The addition of nitrogen to the alloy improves the high-temperature strength of the steel
(American Iron and Steel Institute, 2020). The chemical composition of SS304N is Iron (Fe):
66.245%, Carbon (C): < 0.08%, Manganese (Mn): < 2.00%, Phosphorus (P): < 0.045%,
Sulphur (S): <0.030%, Silicon (Si): < 1.00%, Chromium (Cr): 20.00%, Nickel (Ni): 10.50%,
Nitrogen (N): < 0.10% (American Iron and Steel Institute, 2020). For this research, the
maximum allowed content of the alloying elements in SS304N was assumed, with sulphur,
silicon, chromium, and nickel having a natural isotopic composition. This approach ensures
that the impact of neutron absorption is not underestimated. Overestimation of neutron
absorption is a commonly used safety margin, promoting caution by considering potential

risks more carefully.
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4 Serpent

Developed by VTT Technical Research Centre of Finland, Serpent is a multifunctional
software designed for three-dimensional neutron and photon transport simulations. The
Monte Carlo method performs a wide range of reactor physics calculations. Since its initial
release, Serpent's capabilities have grown, providing users with a broader range of features.
(Leppéanen et al., 2015)

The Monte Carlo method is an algorithm based on random repeated sampling to obtain
numerical results. This method allows for the simulation of statistical systems and is often
used in computational programs to provide approximate solutions for analytically unsolvable
or mathematically complex problems. Consequently, an uncertainty analysis can be included

in order to increase the result accuracy. (Walter & Barkema, 2015)

The interaction between neutrons in Serpent can be described by classical physics and
Evaluated Nuclear Data File (ENDF) reaction laws. Various data, such as cross sections, are
read from A Compact ENDF (ACE) at a specific temperature. Temperatures can be
recalculated to desired values using the built-in Doppler broadening routine. The Monte
Carlo particle code can be used in diverse applications without any specific purpose
limitations. (Leppénen et al., 2015)
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5 Modelling of the simulation

In this research, a sphere was assumed to be a homogeneous reactor core with a radius of 2
meters. The spherical core was considered to be excellent for this research due to uniform
temperature, reducing the amount of occurrence of possible hotspots, and equal neutron
distribution, leading to overall better thermal efficiency. The ideal core, with uniformly
distributed fuel, energy, and temperature, was followed by a neutron reflector that covers the
core equally in all directions. In this segment, different materials were used in order to
compare them and find the best reflective material. Between the layers, neutron detectors
were installed to record the neutron current. The final layer was made of a powerful neutron
absorber. This was designed to detect neutron leakage from the reflector. This simulation
aimed to see how many neutrons would return inside the reactor core due to scattering in the
reflector. The simulation results were compared based on the albedo coefficient «, presented

below in Equation 1.
a="1 (1)

where « is albedo, J+ is reflected neutrons (neutrons/cmz/s) and J. is outgoing neutrons from

the reactor core (neutrons/cmz/s) (Reuss, 2008).

The materials chosen for this study were heavy water, beryllium, beryllium oxide, nuclear
graphite and stainless steel. According to Neeley et al. (2004), 60.96 cm of water reflector
is considered to be sufficient for total reflection of the fissile mixture in the core, meaning it
can be treated as an infinite reflector for that case. The concept of an infinite reflector in a
neutronic sense describes a theoretical reflector in nuclear reactor physics that reflects all
particles perfectly, neglecting boundaries and geometries (Neeley et al., 2004). This allows
for the simplified calculations and evaluation of the reflective material. In the real world,
neutron absorption and escape are present. The thickness of the reflector for the current
research was chosen to be 61 cm. Since there is no information on whether it is a sufficient
amount for the rest of the materials, this research enables the possibility to check the above-
mentioned study. Other reflector thicknesses designed included a thinner reflector of 25 cm

and a very thick reflector of 150 cm.
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The simulation temperature was chosen to be 600 K, which is close to the light-water reactor
operating temperature. Additional simulations also included a temperature of 900 K to see

the possible application inside the high-temperature reactors.

The enrichment of U-235 in the fuel was chosen to be 5%, similar to that in light-water
reactors (Burns et al., 2020). Boron has exceptional absorptivity (Tanaka et al., 2022), so it

was selected as the neutron-absorptive material.

Table 2 includes all the necessary initial data that was later applied in simulations. (Bresson
et al., 2018; Horelik et al., 2013; Leppénen et al., 2015; Warlimont, Martienssen &
SpringerLink (Online service), 2018)

Table 2. Initial material data for simulations.

Material Purpose Density [g/cm?] Chemical composition

Heavy water reflector 1.107 H-2 66.667%
0-16 33.330%

Beryllium reflector 1.850 Be-9 99.900%
Beryllium oxide reflector 2.800 Be-9 50.000%
0O-16 50.000%

Nuclear graphite reflector 2.266 C-12 99.900%
Stainless steel reflector 7.850 Fe-56 66.245%

C-12 0.080%

Mn-55 2.000%

P-31 0.045%

S 0.030%

Si 1.000%

Cr 20.000%

Ni 10.500%

N-14 0.100%

Uranium fuel 10.500 U-235 5.000%
U-238 95.000%
Boron absorber 2.500 B-10 100.000%

For the simulations in Serpent, three spherical surfaces were defined. A spherical surface

with a radius of 200 cm was filled with fissile material, followed by a reflector with various
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thicknesses, and then an absorber, until the radius of the designed system reached 1000 cm.

For these surfaces, a total of 4 cells were defined: fuel, reflector, boron and outside.

Next, the materials in the simulation were defined based on Table 2. To specify the material,
its density, chemical composition in elemental fractures, atomic number, and isotope were
required. The simulation parameters were as follows: 10 000 neutron histories per cycle,
1000 inactive cycles, and 200 active cycles, enabling the user to collect data with high
accuracy. The neutron energy boundaries were set between 5 meV and 100 meV to target
thermal neutrons only (Squires, 2012).

Data for the cross sections of the materials was obtained from the Joint Evaluated File for
Fission and Fusion (JEFF), version 3.1.1. This data library, created by the Organisation for
Economic Co-operation and Development (OECD) Nuclear Energy Agency (NEA),
includes nuclear data for various reactor applications. It also contains diverse interaction
data for various materials that can be utilised in neutron transport calculations (Nuclear
Energy Agency, 2009). This research used data from the general library in Serpent instead
of thermal library, as no moderator was modelled. This approach was chosen in order to
minimise the influence of the moderator on the simulation. Instead, the results were

evaluated based solely on neutrons in the thermal energy region.

After getting the simulation results, they were carefully analysed, and the albedo of each
reflector was calculated using Equation 1. Furthermore, the temperature distribution inside
the core and the effective multiplication factor ket were included for a better results

overview.

Because Monte Carlo simulations are essentially stochastic, an uncertainty analysis was also
conducted. The results from Serpent simulations from the neutron detectors were presented
with absolute uncertainty. The average absolute uncertainty was calculated from 200 result
values for each material, thickness and temperature. Using Equation 2, the relative

uncertainty for the simulation results for each material at various parameters was acquired.

average absolute uncertainty (2)
albedo

relative uncertainty =

Graphical results of fission power and reflector coverage were presented using plot and mesh
commands. Visualising the results provided a summary overview of the variations in

different simulation parameters. The code example is included in Appendix 1.
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6 Results

After running the simulation, the results were closely studied and analysed. The data

demonstrated in Table 3 offers a comprehensive overview of the findings obtained.

Table 3. Results for simulation at 600 K.

Thickness | Leaving core Reflected
[cm] [n/cm?/s] [n/cm?/s] Albedo Ket
0.79536 + 0.71606 + 0.90029 + 1.05995 +
Heavy water 61
0.00056 0.00059 0.00098 0.00078
0.73933 £ 0.67840 + 0.91758 + 1.00480 =
Beryllium 61
0.00070 0.00072 0.00130 0.00089
Beryllium 0.73531 0.68421 + 0.93051 + 0.994634 +
. 61
oxide 0.00074 0.00076 0.00139 0.00080
0.68048 + 0.62273 + 0.91514 + 0.97303 +
Graphite 61
0.00087 0.00090 0.00177 0.00078
0.17622 0.13960 + 0.79217 £ 0.89915 +
Stainless steel 61
0.00201 0.00211 0.01500 0.00077

Table 3 presents the results of the simulation conducted at 600 K with all the selected
materials. After analysing the neutron detector data, the number of neutrons leaving the
spherical core and the number of neutrons reflected inside the core were obtained. The results
are presented in the number of neutrons per square centimetre per second. Subsequently, the

albedo of each reflector was calculated using Equation 1.

Additionally, the average neutron effective multiplication factor kess was calculated based on
1000 active cycles of analog values. Inactive cycles were not considered, as their purpose is
to prepare and stabilise the system before running the simulation. The simulation mesh used

for visualising the results is included in Appendix 2.
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The results are presented with the average absolute uncertainty for each material, the albedo
coefficient, and the multiplication factor. The uncertainty analysis shows how much the
actual result deviates from the presented one. The absolute uncertainty is not shown in the

subsequent results, as the calculated values are similar to those presented in Table 3.

Reflectors at 600 K
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Figure 2. Reflectors at a temperature of 600 K.

Figure 2 presents a general overview of different materials with varying thicknesses at a
simulation temperature of 600 K. The x-axis shows the thickness of the reflector: 25, 61 and
150 cm, while the y-axis represents the albedo. The legend below the graph gives more
accurate values about each material depending on its thickness. The relative uncertainty of
the results equals 0.1% for heavy water and beryllium, 0.2% for beryllium oxide and graphite
and 1.9% for stainless steel.
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Figure 3. Reflectors at a temperature of 900 K.

Reflectors at 900 K

— @
Thickness [cm]

61 150
0,90074 0,94051
0.93347 0,94008
0.92241 0,92513
091742 093115
0,79213 0,79243
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Figure 3 depicts similar data, except that the simulation temperature is 900 K. The

interpretation of the results is discussed in the next section. The relative uncertainties of the

results are equal to those calculated for the simulation at 600 K.
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7 Discussion

The simulation results performed at 600 K with a reflector thickness of 61 cm are presented
in Table 3. The highest albedo could be seen at beryllium oxide with the value of
0.93051+0.00139. The next were beryllium and graphite, with results of 0.91758+0.00130
and 0.91514+0.00177 accordingly. Heavy water had an albedo value of 0.90029+0.00098.
The lowest albedo could be noted at stainless steel with a value of only 0.79217+0.01500.
The maximum theoretical albedo possible is 1 when all the neutrons are reflected back inside
the core. It should be noted that the geometry of the reactor and, therefore, the reflector
influence the results a lot. This research focused on a spherical core to achieve uniform
conditions in all directions, while real-life power reactors commonly have a cylindrical shape

with a reflector in the radial direction only.

The overall relative uncertainty for the albedo results was below 0.2%, except for the
stainless steel reflector, where the relative uncertainty was significantly higher at 1.9%.
Since stainless steel is a composite alloy, it leads to more complex neutron interactions.
Furthermore, the albedo was lower, meaning fewer neutrons were reflected back inside the
core, reducing the number of effective simulations. The accuracy of the simulations depends
on several variables: the number of neutrons available for the reflection, the number of active
cycles for collecting data, and the complexity of the interactions being modelled. Fewer

variables and more complex interactions can lead to less accurate results.

In addition, the effective multiplication factor kefr was analysed. It represents the likelihood
of neutrons produced in fission events causing further fissions. This factor is influenced by
the number of neutrons emitted during fission, the probability of neutron absorption, and the

chance of these neutrons leading to further fission reactions. (Marguet, 2017)

Even though the simulation parameters were identical, the results for ket differ a lot
depending on the material. Therefore, it can be clearly noted that neutron reflectors influence
the neutron flux. Beryllium and heavy water are certainly superior materials for the reflection
in comparison to the other ones chosen in current research. With a fuel enrichment of 5%,
beryllium and heavy water achieved effective multiplication factors over 1, leading to a
supercritical reactor. The rest of the materials, on the other hand, had a lower kefr, meaning

the fission would gradually stop due to a lack of neutrons. The difference in the effective
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multiplication factor between different materials is explained by the varying effectiveness
of the reflectors. This issue can be addressed by using moderators and adjusting the fuel

enrichment.

The results included in Appendix 2 depict the fission power distribution inside the core
depending on the reflector type. Lighter colours inside the core indicate a higher rate of
fissions, while the darker colours correspond to lower fission power. Ideally, the colour of
the core should be uniform, which would mean that the fission power is distributed equally.
Figures 4 - 7 display the visual representation of the reactor core surrounded by beryllium,
beryllia and graphite reflectors, respectively. These reflectors have approximately even
fission power distribution due to homogeneous reflector coverage, leading to higher thermal
efficiency and a lower probability of hotspot formation. Figure 8 displays the stainless steel
reflector. It can be clearly seen that the efficiency of the SS304N reflector was lower in
comparison to other materials. This is indicated by the colour gradient inside the core and

the translucent coverage with the reflective material.

Figure 2 represents the obtained values for varying thicknesses at 600 K. It can be seen that
stainless steel had the lowest albedo throughout all the thicknesses. Beryllium oxide has the
overall highest albedo, followed by beryllium, except for a thickness of 150 cm, where heavy
water had slightly higher reflectivity. However, heavy water had a significantly lower albedo
at a smaller thickness. The reflectivity of heavy water increased most rapidly compared to
other materials. Similarly, graphite showed a rapid increase in reflectivity, becoming more
effective with increasing thickness. This can be explained by the fact that heavy water and
graphite are effective neutron moderators. Slower neutrons, with their lower kinetic energy,
interact more efficiently with other nuclei (Barré & Barré, 2016). As they travel some

distance within the reflector, they slow down and are scattered more effectively.

It can also be noted that there is a difference in the results between the various thicknesses.
With growing thickness, the reflectivity of the materials increased. The highest results were
observed at 150 cm, which exceeded the value of the infinite reflector, as claimed earlier.
Therefore, in this research, 61 cm was not a sufficient thickness for all the materials to have
all the neutrons reflected back inside the core. Other factors influence neutron scattering,
making total reflection extremely challenging to achieve. The result of this simulation did

not align with the research conducted in 2004 by Neeley et al.
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Another aspect to consider is the reasonableness of having 150 cm of the reflector inside the
reactor pressure vessel. Typically, nuclear power reactors are not designed to accommodate
such a thick reflector. So, the results of the albedo at smaller thicknesses should also be

considered.

Figure 3 shows the results of the simulation conducted at 900 K. Analogously to the results
at 600 K, stainless steel had the lowest albedo and was the least efficient neutron reflector
among the chosen materials. At a thickness of 25 cm, like at 600 K, the best reflector was
beryllium oxide with an albedo of 0.89030, followed by beryllium and graphite, with values
of 0.88704 and 0.85964. As observed at 600 K, heavy water displayed a rapid increase in
reflectivity from 0.81261 at 25 cm to 0.90074 at 61 cm, reaching 0.94051 at 150 cm. Other
materials showed a less noticeable increase in albedo values. However, the critical point of
heavy water is at 673.8 K, meaning it is in a supercritical state at 900 K (International
Association for the Properties of Water and Steam, 2018). Therefore, its application will
present additional challenges in nuclear reactor engineering, which can be explored in future
studies. Consequently, at greater thicknesses, the best options for solid reflectors are
beryllium oxide, followed by nuclear graphite and pure beryllium.

The results of the simulations were compared to other studies and have been organised in
Table 4 for a clearer overview. The study on neutronic considerations in research reactors
claims that beryllium has the highest albedo at a temperature of 300 K and various core sizes.
Beryllium reflector is followed by graphite and heavy water, with graphite having a slightly
higher albedo. Normal water has the lowest albedo, with results almost half those of the other
materials. The research focuses similarly on thermal neutrons only, in the energy range up
t0 0.625 eV (Manifacier, Chabert & Boyard). Overall, the albedo results are lower than those
obtained in the current study, possibly due to the thinner reflector chosen and its application
only in the radial direction. The materials chosen for that study include beryllium, graphite,
light water, and heavy water. This study does not include stainless steel and beryllium oxide.
Similarly, the simulations were conducted using a Monte Carlo code.

Several albedos for graphite, beryllium, beryllia, and heavy water are presented in the
“Neutron Physics” book, displaying slightly larger values than those obtained in this study.
The highest albedo value is seen for water at a thickness of 130 cm, with a value of 0.97. It
is followed by graphite, with an albedo value of 0.94 at a thickness of 55 cm. Beryllium and

beryllia have albedo values of 0.91 and 0.92, respectively, at similar thicknesses (Reuss,
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2008). The results mostly align with those obtained in the current research. However, there

are no values for stainless steel, so it is not possible to compare it with other research.

Table 4. Comparison of the results.

Material Thickness Albedo Source
Heavy water 25 0.81 this research
61 0.90 this research
130 0.82 RFC study
130 0.97 Neutron Physics
150 0.94 this research
Beryllium oxide 25 0.89 this research
30 0.92 Neutron Physics
61 0.93 this research
150 0.94 this research
Beryllium 21 0.91 Neutron Physics
25 0.89 this research
25.02 0.85 RFC study
61 0.92 this research
150 0.92 this research
Graphite 25 0.86 this research
25.02 0.82 RFC study
55 0.94 Neutron Physics
61 0.92 this research
150 0.93 this research
Stainless steel 25 0.77 this research
61 0.79 this research
150 0.79 this research

Table 4 gives a better overview of the results of the simulations in comparison to other
studies. The results of this study were evaluated at a temperature of 600 K. The results of
the Reflector Feedback Coefficient (RFC) study were evaluated at the maximum researched

core size with a core side size of 58.38 cm. (Manifacier, Chabert & Boyard; Reuss, 2008)

Further differences in the results may be explained by the use of different data libraries, such
as the general and thermal libraries.
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8 Conclusions

In summary, neutron reflectors play an important role in various fields, including power
production from nuclear fission. The selection of neutron reflective material typically
depends on the scattering cross section and neutron absorptivity. This study focused on
finding the best neutron reflector that could be utilised in the heavy baffle of the light-water
nuclear reactor and its possible application in future reactors.

A set of simulations was conducted in identical conditions for the selected materials using
the Monte Carlo particle code in Serpent. The relative uncertainty of the Monte Carlo
simulations was below 1.9% for all cases. Overall, it can be pointed out that materials exhibit
different properties at varying thicknesses and temperatures. However, beryllium oxide
tended to have a better albedo in general. Yet, the final decision on the neutron reflector
should depend on the specific characteristics and requirements of the reactor. The results
obtained in the simulations mainly aligned with other researches presented in the previous

section.

The thickness of the reflector plays a significant role in the albedo coefficient. With greater
thickness, the number of reflected neutrons increases. The mesh results demonstrated a
smoother distribution of neutrons and temperature inside the core, supporting the
significance of effective reflectors. Having the smallest albedo among the chosen materials,
stainless steel showed visible gradients in the core. Another aspect of the research included
a study of infinite reflectors. Unfortunately, total neutron reflection was not achieved even

at the greatest studied thickness of 150 cm.

The materials selected for this study are mostly applicable in LWRs, as well as in reactors
with higher temperatures of up to 900 K. The only material out of the studied ones with a
critical point below 900 K was heavy water. This may cause additional issues that can be

researched in the future.

As mentioned previously, there are a few materials, such as hydrogen, that could
theoretically be effective neutron reflectors but cannot currently be applied in nuclear

reactors or at specific temperatures. Future research on these materials could be conducted.



28

This research involved the simplified reactor core with uniform fuel, temperature and
neutron flux distribution. This made the core idealised in comparison to real-life reactors,
which include temperature and flux gradients, changes in material properties, swelling,
irradiation, and other structural damages. These factors affect the overall performance and
results of the simulations. Additional studies could include a more detailed reactor core
model, including moderator and fuel assemblies, instead of a generalised one, to increase the
accuracy of the simulations. Thermal library for neutron cross sections and atomic chemical

binding could also be applied.
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Appendix 1. Serpent simulation code

Appendix 1 consists of codes used for the simulation of all the materials at the thickness of
61 cm and 600 K. Possible modifications to obtain other thicknesses and temperatures are
also included in the first code. The following codes for other materials can be adjusted

similarly.

--- The Serpent simulation code applied in heavy water reflector simulation with 61 cm
thickness and 600 K ---

% Geometry definition

surf 1 sph 0 0 0 200 % fuel

surf 2 sph 0 0 0 261 % reflector

surf 3 sph 0 0 0 1000 % high-absorption material

cell 1 0 fuel -1
cell 2 0 water 1 -2
cell 30 boron 2 -3
cell 4 0 outside 3

% Data library for cross sections
set acelib "/shared/nukedata/jeff311/sss_jeff311u.xsdata”

% Materials definition
mat fuel -10.50
92235.06¢ 5
92238.06¢ 95

mat water -1.107
1002.06¢ 2 % deuterium
8016.06¢c 1 % oxygen

mat boron -2.50
5010.06¢ 100

% Simulation parameters
set pop 10000 1000 200

% Energy boundaries for thermal neutrons
ene thermal 1 5.0e-3 100.0e-3

% Surface detectors

det 1 ds 1 1 % neutrons leaving the core

det 2 ds 2 -1 % neutrons leaving the high-absorption material
det 3 ds 2 1 % neutrons leaving the reflector

det 4 ds 1 -1 % neutrons reflected back to the core




% Visualization of results
plot 1 1000 1000
mesh 1 1000 1000

Replacing line 3 would allow changing the thickness of the reflector
surf 2 sph 0 0 0 225 % reflector with thickness 25 cm
surf 2 sph 0 0 0 350 % reflector with thickness 150 cm

Replacing lines 15-24 would allow changing the temperature of the simulation
mat fuel -10.50
92235.09¢ 5
92238.09c 95

mat water -1.107
1002.09c 2 % deuterium
8016.09c 1 % oxygen

mat boron -2.50
5010.09c 100

--- The Serpent simulation code applied in beryllium reflector simulation with 61 cm

thickness and 600 K ---
% Geometry definition
surf 1 sph 0 0 0 200 % fuel
surf 2 sph 0 0 0 261 % reflector
surf 3 sph 0 0 0 1000 % high-absorption material

cell 1 0 fuel -1

cell 2 0 beryllium 1 -2
cell 30 boron 2 -3
cell 4 0 outside 3

% Data library for cross sections
set acelib "/shared/nukedata/jeff311/sss_jeff311u.xsdata"

% Materials definition
mat fuel -10.5
92235.06¢ 5
92238.06¢ 95

mat beryllium -1.85
4009.06¢ 99.9

mat boron -2.5
5010.06¢ 100

% Simulation parameters




set pop 10000 1000 200

% Energy boundaries for thermal neutrons
ene thermal 1 5.0e-3 100.0e-3

% Surface detectors

det 1 ds 1 1 % neutrons leaving the core

det 2 ds 2 -1 % neutrons leaving the high-absorption material
det 3 ds 2 1 % neutrons leaving the reflector

det 4 ds 1 -1 % neutrons reflected back to the core

% Visualization of results
plot 1 1000 1000
mesh 1 1000 1000

--- The Serpent simulation code applied in beryllium oxide reflector simulation with 61 cm
thickness and 600 K ---

% Geometry definition

surf 1 sph 0 0 0 200 % fuel

surf 2 sph 0 0 0 261 % reflector

surf 3 sph 0 0 0 1000 % high-absorption material

cell 1 0 fuel -1

cell 2 0 beryllia 1 -2
cell 30 boron 2 -3
cell 4 0 outside 3

% Data library for cross sections
set acelib "/shared/nukedata/jeff311/sss_jeff311u.xsdata"

% Materials definition
mat fuel -10.50
92235.09¢ 5
92238.09¢ 95

mat beryllia -2.8
4009.06¢ 1 % beryllium
8016.06¢ 1 % oxygen

mat boron -2.5
5010.06¢ 100

% Simulation parameters
set pop 10000 1000 200

% Energy boundaries for thermal neutrons
ene thermal 1 5.0e-3 100.0e-3




% Surface detectors

det 1 ds 1 1 % neutrons leaving the core

det 2 ds 2 -1 % neutrons leaving the high-absorption material
det 3 ds 2 1 % neutrons leaving the reflector

det 4 ds 1 -1 % neutrons reflected back to the core

% Visualization of results
plot 1 1000 1000
mesh 1 1000 1000

--- The Serpent simulation code applied in graphite reflector simulation with 61 cm
thickness and 600 K ---

% Geometry definition

surf 1 sph 0 0 0 200 % fuel

surf 2 sph 0 0 0 261 % reflector

surf 3 sph 0 0 0 1000 % high-absorption material

cell 1 0 fuel -1

cell 2 0 graphite 1 -2
cell 30 boron 2 -3
cell 4 0 outside 3

% Data library for cross sections
set acelib "/shared/nukedata/jeff311/sss_jeff311u.xsdata"

% Materials definition
mat fuel -10.50
92235.09¢c 5
92238.09¢ 95

mat graphite -2.266
6012.06¢ 99.9

mat boron -2.5
5010.06¢ 100

% Simulation parameters
set pop 10000 1000 200

% Energy boundaries for thermal neutrons
ene thermal 1 5.0e-3 100.0e-3

% Surface detectors

det 1 ds 1 1 % neutrons leaving the core

det 2 ds 2 -1 % neutrons leaving the high-absorption material
det 3 ds 2 1 % neutrons leaving the reflector




det 4 ds 1 -1 % neutrons reflected back to the core

% Visualization of results
plot 1 1000 1000
mesh 1 1000 1000

--- The Serpent simulation code applied in stainless steel reflector simulation with 61 cm
thickness and 600 K ---

% Geometry definition

surf 1 sph 0 0 0 200 % fuel

surf 2 sph 0 0 0 261 % reflector

surf 3 sph 0 0 0 1000 % high-absorption material

cell 1 0 fuel -1
cell 2 0 steel 1 -2
cell 30 boron 2 -3
cell 4 0 outside 3

% Data library for cross sections
set acelib "/shared/nukedata/jeff311/sss_jeff311u.xsdata"

% Materials definition
mat fuel -10.50
92235.09¢ 5
92238.09¢c 95

mat steel -7.85

26056.06¢ 66.245 % Fe-56
6012.06¢ 0.08 % C-12
25055.06¢ 2 % Mn-55
15031.06¢ 0.045 % P
16032.06¢ 0.03% S
14028.06¢c 1 % Si
24052.06¢ 20 % Cr
28058.06¢ 10.5 % Ni
7014.06c 0.1 % N

mat boron -2.5
5010.06¢ 100

% Simulation parameters
set pop 10000 1000 200

% Energy boundaries for thermal neutrons
ene thermal 1 5.0e-3 100.0e-3

% Surface detectors




det 1 ds 1 1 % neutrons leaving the core

det 2 ds 2 -1 % neutrons leaving the high-absorption material
det 3 ds 2 1 % neutrons leaving the reflector

det 4 ds 1 -1 % neutrons reflected back to the core

% Visualization of results
plot 1 1000 1000
mesh 1 1000 1000




Appendix 2. Mesh results of simulation at 600 K

Appendix 2 includes visual results of the simulations at 600 K and a thickness of 61 cm.

Figure 5. Beryllium at 61 cm, 600 K.

Figure 6. Beryllium oxide at 61 cm, 600 K.



Figure 7. Graphite at 61 cm, 600 K.

Figure 8. Steel at 61 cm, 600 K.



