ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 22.-24.05.2024.

NEUTRON SHIELDING MATERIAL CONTAINING BASALT-BORON FIBERS AND OSA
FOR SPENT NUCLEAR FUEL CONTAINER, NUMERICAL MODELLING

Iryna Romanenko?, Iveta Novakova?, Riho Motlep?,
Volodymyr Gulik3, Andrejs Krasnikovs?, Mindaugas Vaisnoras*
!Riga Technical University, Latvia;
2Arctic University of Norway, Norway;
3University of Tartu, Estonia;
“Lithuanian Energy Institute, Lithuania
romanenko.iryna74@gmail.com, iveta.novakova@uit.no, riho.motlep@ut.ee,
volodymyr.gulik@gmail.com, andrejs.krasnikovs@rtu.lv, mindaugas.vaisnoras@Ilei.lt

Abstract. Nuclear power plants and research purposed reactors produce spent nuclear fuel, which leads to a need
for safe spent fuel management and radiation protection. Traditionally, concrete with the addition of different
aggregates has been the primary material for shielding against radiation and is used also for transport and storage
of radioactive waste. Despite these applications, there is still a need to develop new composite materials that will
preserve the radiation shielding properties of concrete, while offering superior mechanical and also cost effective
benefits. This article investigates the radiation shielding properties of HI-STORM containers, made of a new
composite material, and reinforced with basalt-boron fibre for human and environment protection. In the concrete
recipe, part of the cement is replaced by oil shale ash with cementitious characteristics. The formulation of concrete
reinforced with basalt-boron fibre (with the addition of 6% boron oxide) is presented. Oil shale ash (OSA) is a
class-C fly ash, a by-product in the energy production process. OSA can be used as a partial replacement to cement
in concretes, thanks to its cement-like qualities and low carbon content, which contributes to a reduction in the
overall CO; footprint of concrete. In our investigated concrete mixes 5 to 35% of cement was replaced by OSA
(Electrostatic Precipitator Ash) coming from Auvere (Estonia) thermal power plant. Using the Monte Carlo
method, the Serpent code was used to simulate the passage of neutron radiation through a composite material to
assess its biological shielding properties. It is shown that the addition of basalt-boron fibre to concrete improves
the protective properties of biological shielding against neutron radiation.
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Introduction

Over the past decades, nuclear power has proven its efficiency and has become an integral part of
the energy mix alongside other types of energy. As of 2023, 436 nuclear reactors were operating in 32
countries [1]. Over the next few decades, it is anticipated that global electricity consumption will
increase significantly. Nuclear power industry generates waste, notably in the form of spent nuclear fuel
(SNF). Hence, ensuring the safe management and storage of spent nuclear fuel is of high priority. An
important factor in the safe and long-term storage of spent nuclear fuel is the preservation of concrete’s
structural integrity. Concrete is the most common structural material used in the nuclear power industry
to protect against ionising radiation. Usually, various aggregates are added to concrete to preserve the
radiation properties of concrete and improve its mechanical characteristics.

Over the past decades, many scientists have investigated the properties of concrete with various
admixtures [2-10]. Good material integrity results were obtained observing concretes with short fibers
— fiberconcretes [11-12]. At the moment, there is still a need to develop new composite materials that
would meet all the needs for safe storage and management of spent nuclear fuel. In this study we consider
the storage of spent nuclear fuel from VVER 1000 reactors in the HI-STORM 190 container. We model
fast neutron transfer through four types of concrete with the addition of basalt-boron fibre (BBF) and
oil shale ash (OSA) to the concrete. HI-STORM 190 containers are designed to shield radioactive
materials by incorporating concrete between two metal shells. Boron is used since it has a large neutron
cross section, and is used for absorption neutrons in concrete material.

Materials and methods

The Monte Carlo code Serpent version 2.1.31 facilitates the simulation of the shielding properties
of HI-STORM 190 containers for spent nuclear fuel (SNF). The developed model allows for calculating
neutron transfer from spent fuel assemblies through the canister, and enables the assessment of both the
effectiveness of a new composite material and its biological shielding properties.
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When creating the computational Serpent model, we used the geometric characteristics available in
open sources [13-15]. The main components of the simplified computational model are shown in Table
1. Inthe model of the HI-STORM 190 container, certain simplifications were implemented. Specifically,
the lid, bottom, and air circulation openings were not included in the model. This simplification
substantially reduces the number of cells and calculation time required.

Table 1
Main geometrical characteristics of the HI-STORM 190 container
Element Size, cm
Inner radius of the basket MPC-31 93
Outer radius of the basket MPC-31 96
Inner radius of the container HI-STORM 190 103
Outer radius of the container HI-STORM 190 178
Height of the container HI-STORM 190 580
Metal thickness of the container HI-STORM 190 2
Fuel zone is located at a height 49
Height of the fuel zone 355
Height from the fuel zone to the container HI-STORM 190 176

The HI-STORM 190 multi-purpose container (MPC) has a rather complex structure. The container
is designed for long-term storage of 31 VVVER 1000 spent fuel assemblies. The HI-STORM 190 is a
ventilated vertical container consisting of an outer and an inner steel cask with the space between them
filled with concrete that serves as a biological shield. In the centre of the HI-STORM 190 container is a
MPC -31holder loaded with 31 VVER-1000 fuel assemblies. The central fuel assembly is located in the
centre of the container. The spacing of fuel assemblies in MPC -31 is 25.32 cm. For the sake of
simplicity, uranium dioxide with 4.34% enrichment and a density of 10.22 g-cm™ is used as the spent
fuel, which serves as a source of neutron radiation. The spectrum of the neutron radiation source with a
breakdown by energy groups used in this model is shown in Table 2. A Russian-made TVZA 438MT
cassette with a burnup of 55000 [MW-day-(kgU)*] and an endurance of 6 years was modelled as a spent
fuel assembly (SFA). The neutron sources used for the neutron transfer calculation were the cells, where
the fuel assemblies are located in MPC -31.

Table 2
Spectrum of the neutron source

No | Upper limit of the energy bin, MeV | Energy bin weight, rel. units
1 1.00E-01 0.00000E + 00

2 4.00E-01 7.39020E-02

3 9.00E-01 1.60473E-01

4 1.40E + 00 1.60473E-01

5 1.85E + 00 1.28378E-01

6 3.00E + 00 2.39302E-01

7 6.43E + 00 2.16779E-01

8 2.00E + 01 2.06926E-02

The SRC card was used to simulate neutrons emitted from SFA. To specify an external neutron
source in the Serpent code, it is necessary to specify also the geometry of the external source, the energy
of the emitted particles and the radiation intensity. Neutron source parameters (partitioning into energy
bins and corresponding intensities) were obtained by a separate calculation simulating burnup for 6 years
in a nuclear reactor and storage in the cooling pool for 5 years. The neutron sources used for the neutron
transfer calculation were the cells containing SFA in MPC-31 (see Fig. 1). For one calculation,
100 million neutrons divided into 200 batches were modelled. The current libraries of evaluated nuclear
data - ENDF/B-VII - were used. The particle radiation vector is directed horizontally from the centre of
the container to the periphery. Fission and time-cutting reactions were excluded. Absorbing boundary
conditions were used (this means that when a neutron reaches the outer boundary of the model, it is
excluded from the calculation).
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To measure the neutron flux, the volumetric regions (“detectors™) in which neutrons were captured
were modelled in the developed model. Particle detection was performed by the Serpent code using
eight cylinders located at the level of the fuel column SNF. Seven detectors are located in the concrete
itself (between the outer and inner shell), and the eighth detector is located behind the concrete. The
detector is a cylinder with a radius of 5 cm, where data on the required neutron-physical characteristics
are collected. The detectors were placed at the locations with coordinates shown in Table 3. The origin
in the presented model is located in the centre of the cylindrical system on the lowest surface of the
model (the boundary of the canister and the foundation where it stands).

Table 3
Coordinates of detectors
i dgﬁit?if:ggon X, cm Y, cm R, cm Z1,cm Z2,Ccm
detl 108 0 5 49 402
det2 118.5 0 5 49 402
det3 129 0 5 49 402
det4 139.5 0 5 49 402
det5 150 0 5 49 402
det6 160.5 0 5 49 402
det7 171 0 5 49 402
det8 183 0 5 49 402

The neutron flux was assessed both with the help of cylindrical detectors placed in the concrete
itself and with the help of a detector placed on the outer surface of the HI - STORM 190 container.

An explanation of the Serpent syntax, including the functions “surf”, “cell”, “mat”, and so on, is
given in full in the literature [16].

Experimental samples were also produced in order to check, how cement replacement by OSA and
addition of basalt boron fibers are changing the concrete (more precisely — fiberconcrete) radiation
shielding capacity. Four types of fiberconcretes were used as the biological protection material in the
HI-STORM 190 container (described in detail in [17]). Fiberconcrete mixes were prepared and cast into
cubes measuring 10x10x10 cm. Short, 24 mm long basalt-boron fibres with 6% boron oxide (BBF), in
different concentrations were mixed with other concrete ingredients: cement, OSA, dolomite gravels,
sand (different granulometry), dolomite flour, plasticizer and Elkem-microsilica. Ingredient
characteristics and proportions for the considered concretes used for the design model are presented in
Table 4.

Table 4 [17]
Material compositions and densities of the considered concretes

No Parameter A B C D

1 Density, g-cm 2.301 2.303 2.251 2.339
2 Weight fraction of cement *, % 9.52 8.69 7.40 8.68
3 Weight fraction of sand, % 47.27 40.42 65.97 40.36
4 Weight fraction of rubble **, % 26.26 31.40 2.36 31.35
5 Weight fraction of water, % 8.21 7.65 9.82 7.45
6 Weight fraction of dolomite 7 a8 5.69 9.42 5 69

flour %

7 | Weight fraction of oil shale ash, % 0 4.67 3.99 4.66
8 Weight fraction of plasticiser, % 0,30 0,59 0.35 0.59
9 | Weight fraction of microsilica, % 0 0.20 0 0.20
10 BBF (24 mm), % 0.58 0.69 0.69 1.03

* - cement used CEM 11 A-LL 42,5N [17]
**- dolomite used [17]
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Fiberconcrete mix A is the material with the smallest amount of BBF and without OSA.

Fiberconcrete mix D is fiberconcrete with the highest BBF concentration and cement partially replaced
by OSA. Fiberconcretes B and C have intermediate amount of OSA and BBF.
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Fig 1. Schematic representation of the central section of a simplified Serpent model:
1 — concrete biological protection; 2 — MPC; 3 — air; 4 — particle detection zones; 5 — air

Results and discussion

As a result of the modelling, a simplified model of the HI-STORM 190 canister with loaded SFA

was developed. For each of the four types of concrete, the neutron flux in 8 detectors was found. Neutron
spectra were obtained in all detectors for different types of concrete. In addition, the total neutron flux
in all detectors for different types of concrete was obtained. The total neutron flux is shown in Fig. 2.
All neutron spectra are presented per neutron of an external source. In other words, the presented spectra
give a qualitative picture of the neutron distribution by energy in different parts of the concrete.

The results of the calculation of the total neutron flux depending on the location of the detector are

presented in Table 6. The results show that:

1.
2.

3.

All types of concrete are similar and reduce the neutron flux from SNF.

The considered types of concrete are characterised by increased (compared to conventional concrete
[4]) neutron absorption over the entire energy spectrum.

The addition of OSA shows a slight deterioration in the neutron absorption capacity compared to
type A concrete.

As it can be seen from the results of the study, concrete type C (water content 9.82% and BBF
0.69%) at the detector 8 (outside the HI-STORM 190 container) shows almost the same neutron
absorption capacity compared to concrete type A (water content 8.21% and BBF 0.58%).

Other types of concrete (B and D) with lower water content (>8%) show worse results compared to
type A (1.21 and 1.09 times, respectively).
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Fig. 2. Total neutron flux by energy
Total neutron flux in the detection zones
Type A Type B Type C Type D
Detector yp yP - - yP | yP
Total neutron flux in detection zone, 1/(cm?-s)*
det 1 1.16E + 05 1.19E + 05 1.20E + 05 1.20E + 05
det 2 4.67E + 04 5.31E+ 04 5.19E + 04 5.40E + 04
det 3 1.41E + 04 1.83E + 04 1.68E + 04 1.88E + 04
det 4 3.96E + 03 5.68E + 03 4 .88E + 03 5.91E + 03
det5 1.18E + 03 1.80E + 03 1.47E + 03 1.86E + 03
det 6 3.78E + 02 5.89E + 02 4.95E + 02 6.06E + 02
det 7 1.18E + 02 1.62E + 02 1.53E + 02 1.81E + 02
det 8 1.51E + 01 1.83E + 01 1.54E + 01 1.65E + 01
Conclusions

Table 6

After modelling a simplified model of the HI-STORM 190 container and performing calculations,
the results obtained were analysed in terms of neutron flux attenuation in modified concrete types. Based
on this, the following conclusions can be drawn.

e The results show that the studied aggregates are promising materials for use in radiation

protection.

¢ Basalt-boron fibers are increasing neutron absorption over the entire energy spectrum. More
intensively it happens at the middle spectrum part (see data for the concrete D in Fig. 2).

e Itis advisable to continue the selection of concrete compositions in order to obtain the optimal
ratio of water, OSA and BBF in the concrete mixture while maintaining other indicators.
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