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Abstract: Fourth-generation nuclear power systems are based on high-temperature gas-cooled
reactors, in which the pebble fuel is the primary energy carrier. In this regard, applying protective
pyrocarbon coatings on granulated fuel is an essential problem in ensuring the reliability of nuclear
power plants. The article’s main idea is to research rational technological parameters of forming a
pyrocarbon protective coating on the granules of a nuclear fuel model. For this purpose, granulated
Al2O3 with the protective pyrocarbone coating was applied as a fuel model. The article’s aim
is to study the effect of thermophysical parameters on applying a protective pyrocarbon coating
on granulated Al2O3. During the experimental studies, thermal imaging of the pyrolysis process
was used. The scientific novelty of the work is the equilibrium curves for the systems Al2O3:CH4,
Al2O3:CH4:N2, and Al2O3:CH4:Ar. Their analysis allowed for evaluating rational thermochemical
parameters of the pyrolysis process. As a result, rational thermophysical parameters of coating
granulated Al2O3 with a pyrocarbon layer were evaluated, and the practical possibility of applying
the pyrocarbon coating to granulated Al2O3 in the electrothermal fluidized bed was experimentally
proven. It was shown that nitrogen does not significantly affect the target reaction product under a
temperature of less than 1500 K. Also, the rational conditions for the pyrocarbon coating at a pressure
of 0.1 MPa were realized at a temperature of 900–1500 K and using argon. Moreover, pyrocarbon was
precipitated from hydrocarbon at 1073–1273 K. Overall, the need to add an inert gas for reducing the
carbon black formation was proven to prevent a reduction of natural gas efficiency.

Keywords: nuclear power reactor; pyrolysis; process innovation; energy efficiency; pebble fuel element

1. Introduction

The significance of the operational safety problem of existing and designed nuclear
power plants (NPP) is closely related to the operation and development of the entire nuclear
power complex. Simultaneously, the critical role of nuclear energy in the energy supply is
undeniable [1].

Kalinowski et al. [2] described the origins of scientific developments in pyrocarbon
coatings of nuclear fuel in the middle of the 20th century. In particular, it was noted that
such experimental studies began from the pyrolysis of hydrocarbons in fluid reactors with
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beds of sand, graphite, sintered aluminum oxide (Al2O3), and other granular materials.
As a result, such works allowed for evaluating the concentration of fission products in the
coatings after prolonged activation of the fuel.

Also, Long et al. [3] studied the performance of irradiated particles taking their origin
from the high-temperature gas-cooled reactors (HTGR) base technology program on fuel
graphite development, operated by the Union Carbide Corporation for the US Department
of Energy.

Moreover, Tepest [4] studied the parameters of pyrocarbon coatings deposited on fuel
particles for high-temperature reactors using X-ray microbeam measurements on single
particles for individual coatings.

Nowadays, one of the promising technical solutions to increase the safety of NPP is the
use of reactors with pebble fuel elements—fuel microspheres of material divided under neu-
tron radiation (e.g., dioxide of uranium, plutonium, and thorium) with layers of protective
coatings (e.g., pyrocarbon, carbides of silicon and zirconium, titanium nitride) [5–7].

Protective coatings on the fuel elements of nuclear power reactors perform multiple
functions, although its main purpose is the retention of divided products inside. Therefore,
even in an emergency at the reactor, pebble fuel elements around NPP release radioactive
particles into the atmosphere. Furthermore, Knol [8] stated that these elements could be
assembled using special mechanical devices.

Pebble fuel is the primary energy carrier for HTGR. Such a type of reactor belongs
to fourth-generation nuclear power systems [9,10]. These are nuclear reactors in which
nuclear fuel has a substantially short half-life.

One of the critical components of pebble fuel is a protective pyrocarbon coating.
Studies on producing pyrocarbon coatings for various purposes are carried out on appro-
priate models.

The development of HTGR-TRISO coated fuels in the globe was discussed in [11]
for UO2-coated fuel particles and advanced fuel with ZrC coating. Also, Horvath and
Rachlew [12] studied the kinetics of the release of fission products from particles of micro-
fuel-coated HTGR. As a result, an effect of the trapped fraction and limited solubility on
the concentration profile at the boundary between the coating layers was determined.

Ivanov et al. [13,14] evaluated fission products from coated fuel particles at HTGR.
These results are based on considering chemical bonding, the effects of limited solubility,
and changes in the concentration of components at the boundaries between coating layers.

Roos [15] studied a multilayer protective coating of C/C-SiC composites by chemical
vapor deposition. A pyrocarbon layer and a coating of SiC were considered. As a result, it
was obtained that Si3N4 and Al2O3 top layers protect against oxidation and corrosion and
provide for stable operations at the high-temperature range.

Liu et al. [16] studied composites with a pyrocarbon matrix reinforced with carbon
nanotubes. Such structures significantly increased the service life of composites in high-
temperature environments under similar mechanical properties.

Xu et al. [17] studied the mechanical properties of SiC coatings applied to C/C com-
posites. As a result, they showed that these coatings have lower residual stresses, higher
hardness, and Young’s modulus. This positively impacts the resistance of the coating to
cracking and contributes to improving its antioxidant characteristics.

Studies on the mechanical properties of these coatings have also been further devel-
oped. Mainly, Xu et al. [18] studied the effect of pyrocarbon texture on the microstructure
of the coating. Duan [19] studied the tensile strength and fracture strain of composites.

Chernikov [20] obtained the main characteristics of materials and components of
spherical pebble fuel. His study included microspheres of uranium dioxide, pyrocarbon
and silicon carbide protective layers, coated fuel particles, and matrix graphite. Also,
López-Honorato et al. [21] studied the structure and mechanical properties of pyrolytic
carbon produced by fluidized bed chemical vapor deposition.
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Xu et al. [22] proved an increase in the strength and toughness of the composite, which
is associated with multiple effects of deformation of carbon layers, deflection, and crack
propagation caused by bridge zones, sublayers, nano-, and microcracks.

Kurbakov [23] investigated the effect of cracks in the inner pyrocarbon layers on
damage to silicon carbide layers. As a result, it was determined that the introduction of
pyrolytic carbon into the inner layer or the formation of “pyrocarbon—silicon carbide”
compositions (“silicon carbide—carbon”, Ti3SiC2, ZrC, TiC, and nitrides of Zr, Ti, Al) on the
inner interface leads to internal cracks. This fact increases the radiation–chemical resistance
of the carbide layer and micro fuel.

Ilinich et al. [24] investigated mesoporous carbon infiltrated Al2O3 with a relatively
thin carbon coating. The obtained product had high electrical conductivity and resistance
to acidic media.

Opyatyuk et al. [25] studied the point defects influencing NPP operations with a
uranium fuel medium. As a result, the dependence between point defect formation and
fissile temperature for the uranium–thorium medium was obtained.

Yang et al. [26,27] investigated the process of formation of pyrocarbon during thermo-
chemical treatment, consisting of carbonization and halogenation to isolate radionuclides
from waste cation exchange resin. It was also detected that a part of the adsorbed particles
of radiocarbon 14C turns into a thermostable pyrocarbon when the temperature rises to
1000 ◦C.

Moreover, Zhan et al. [28] applied a convolution neural network for fuel reloading op-
timization of block-type nuclear reactors. The results showed that the developed approach
allows for predicting rational parameters for HTGRs.

Thus, the analysis of the above studies shows that experimental research in obtaining
pyrocarbon coatings is aimed at analyzing the properties of existing coatings but not at
studying the process of coating on model pebble particles.

Moreover, because of previous research on coatings on the model of the pebble nuclear
fuel (SiO2, Dy2O3, Gd2O3, Sm2O3), batches of pyrocapsulated material with pyrocarbon
content were developed in a wide range of 6–97% mass [29]. Due to the complexity of
obtaining Dy2O3, Gd2O3, and Sm2O3, these models are highly expensive. Consequently,
their use is economically impractical for broader research. On the other hand, using SiO2
particles is limited due to their geometry. Therefore, granular Al2O3 has been chosen as
the most appropriate model of the pebble fuel elements. The granules have sufficient
mechanical strength [30]. This prevents accelerated particles’ abrasion and the formation of
a fine fraction while applying a pyrocarbon coating in an electrothermal fluidized bed.

Remarkably, despite many publications, the process of applying pyrocarbon coating
is not sufficiently studied. Therefore, the aim of the article is to study the influence of
thermophysical parameters on applying a protective pyrocarbon coating on granules of
Al2O3. The main objectives allow solving the following scientific gaps. First, a labora-
tory installation for the experimental study of applying a protective pyrocarbon coating
should be created. Second, the practical possibility of applying the pyrocarbon coating to
granulated Al2O3 in the electrothermal fluidized bed should be experimentally proven.

The scientific novelty of this work is to determine rational thermochemical parameters
for coating the nuclear fuel model’s granules with a protective pyrocarbon shell.

2. Materials and Methods

The research was conducted in two stages. The first step evaluated the thermochemical
parameters of the pyrolysis process using numerical simulation. For this purpose, the
“TERRA” software was applied based on equilibrium thermodynamics [31].

The theoretically obtained optimal technological process parameters were tested on
an experimental stand in the second stage. The process of applying the formed pyrocarbon
to Al2O3 granules was studied. As a result, the main technological (i.e., gas consumption,
voltage, current, and heat loss) and thermochemical parameters (i.e., a ratio of components
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and temperature range) were determined. Microscopic analysis of the original and coated
material was also carried out to determine a pyrocarbon coating on the spheres Al2O3.

Calculation of thermodynamic equilibrium for an arbitrary multicomponent system
includes evaluating equilibrium parameters, thermodynamic properties, and chemical
and phase composition. At a relatively high temperature (when any state changes are
accompanied by phase, polymorphic, and chemical transformations), this problem becomes
more challenging than under the classical thermodynamics statements. However, since the
fundamental thermodynamic laws remain valid for any system, their application allows
calculating thermodynamic equilibrium in a general case. Consideration within a unified
approach of significantly different processes and states is possible only with a known
formalization of the model description of the studied objects.

A thermodynamic system under consideration is characterized by the relative and
absolute content of chemical elements (mol/kg). It remains unchanged when equilibrium
is established from an arbitrary state and is sufficient to describe the system.

The thermodynamic modeling method was implemented to analyze the carbon–
thermal interaction using the above-mentioned “TERRA” software. It is based on the
principle of maximum entropy. It considers properties of the reacting components in
the thermodynamic system, supplementing it with the Gibbs thermodynamic-diagram
approach of designing concentration triangles [32].

The system’s composition (e.g., in mol, kg, % mass, and partial pressure) and the
thermodynamic parameters (pressure, temperature, volume, internal energy, enthalpy, and
entropy) describe the equilibrium state. Other characteristics were calculated according to
fundamental thermodynamic relations.

The initial data for the calculation are the initial composition of the system (i.e., mole
fractions of Al2O3:CH4) in the ratio of 1:3, as well as Al2O3:CH4:N2 = 1:3:0.5,
Al2O3:CH4:Ar = 1:3:0.5, and Al2O3:CH4:Ar = 1:5:0.5. The temperature range is 400–2300 K
under the pressure of 0.1 MPa.

A reactor with an electrothermal fluidized bed was designed to study the process of
applying a protective pyrocarbon coating on the chosen model (Figure 1).
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Figure 1. The experimental reactor (a) and its design scheme (b): 1—outer casing; 2—thermal
insulation; 3—quartz tube; 4—heater; 5—heater clamps; 6—gas distribution lattice; 7—fitting for
gas supply; 8—fluidized bed of granular Al2O3; 9—thermocouple; 10—support with the movable
mechanism.

The reactor consists of a metal outer casing 1, which contains a layer of thermal
insulation made of heat-resistant material “P-130” with a quartz tube 3 inside. A round
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quartz tube 3 and heater 4 are placed. It is made of nickel wire connected to the heater
clamps 5. In the lower part of quartz tube 3, a gas distribution lattice 6 is placed. It is
connected at the bottom with the fitting for gas supply 7 to create a fluidized bed 8. Inside
the quartz tube 3, a thermocouple 9 is placed. The whole design is fixed on a support with
the movable mechanism 10.

The reactor works as follows. A mixture of natural gas and an inert environment is
fed through the fitting for the gas supply 6 to the gas distribution lattice 7, which creates a
fluidized bed 8 of granulated Al2O3. The reaction zone is heated by current passing through
a nickel–chromium winding—heater 4. The temperature is measured by the thermocouple
9. The treated material is unloaded into a special heat-resistant cylinder by inverting the
installation.

Figure 2 presents the technological scheme of the installation with a reactor for apply-
ing a pyrocarbon coating.
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Figure 2. Schematic technological scheme of the installation: 1—cylinder with inert environment;
2—valve for nitrogen supply; 3—rotameter for nitrogen; 4—fitting for gas supply; 5—reactor; 6—the
upper part of the reactor; 7—gas hood; 8—switch; 9—power transformer; 10—natural gas supply
source; 11—valve for natural gas supply; 12—rotameter for natural gas.

The installation works as follows. The inert environment is fed into reactor 5 by
opening the reducer on cylinder 1 and valve 2 through rotameter 3 to create a fluidized bed
and an inert atmosphere. After passing reactor 5 through the upper part 6, the nitrogen
supplies to the gas hood 7. After turning on switch 8, voltage is applied to reactor 5 through
the power transformer 9. After obtaining the proper temperature mode, natural gas is
supplied from the natural gas supply source 10, valve 11, rotameter 12, and fitting 4. It
gradually replaces the inert environment (nitrogen). Natural gas and inert environment
consumption are measured by rotameters 12 and 3, respectively.

Hydrocarbons are used in pyrolysis for granules’ carbonization (protective coating).
Particularly, methane is used because other hydrocarbons (propane–butane and heavier
hydrocarbons) lead to the formation of liquid components that contaminate the power
reactor (hydrocarbons above methane liquefy at such pressure and temperature).

Pyrocarbon was precipitated by pyrolysis of hydrocarbons in the reactor at 1073–1273 K.
Natural gas was used as the fluidizing agent, and granular Al2O3 was used as the fluidized
bed. An inert environment needs to be applied to reduce the formation of technical carbon
black. In the inert environment, the carbon is deposited precisely as pyrocarbon. The main
operating and technological parameters of the installation are presented in Table 1.
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Table 1. Process parameters of the experimental setup.

Parameter Unit Value (Range)

The volume of the reaction zone m3 8.0 × 10–5

Type of the gas distribution device – Dip-free lattice
Type of electric current between electrodes – Variable
Amperage A 2.0–3.8
Voltage V 95–190
Process temperature K 1073–1273
Process pressure MPa 0.1
Material treatment duration h 1.0
Gas consumption in a mixture of the natural gas m3/h 0.005
Gas consumption during the reactor’s heating m3/h 0.050
Natural gas consumption m3/h 0.060–0.070

The pyrometer “IR-866 U” (“FLUS”, China) was used for the measurement range of
220–2550 K, and the measurement error of ±1.5% + 2.0 K. The K-type thermocouple “UNI-
TUT325” (“UNIT”, China) connected to a digital thermometer was used for measurements
in a range of 220–1500 K, and the measurement error of ±0.5% + 1.0 K. The thermal
imager “HT-04D” (“XINTEST”, China) was used to measure real-time heat loss for the
measurement range of 250–680 K and measurement error of ±2%/±2 K.

Investigations of the surfaces of untreated and treated Al2O3 were performed using
the digital microscope “SuperZoom” (“Magnifier”, China). Since Al2O3 is resistant to
oxidation by air at temperatures higher than 893 K, the pyrocarbon content was determined
by the ash content of graphite by GOST 17818.4-90 “Graphite. Method for determining
the ash content”. A batch of granules was weighed before and after coating (m1 and m2,
respectively). The mass fraction of pyrocarbon coating is determined as follows:

X =
m1

m2
·100%, (1)

where m1, m2—mass of batches of granules before and after coating, respectively.
The measurement error of the weights did not exceed 0.5 mg.
The mass of granules before and after coating are as follows:

m1 =
πd3

6
ρ0; m2 = m1 + πd2hρc, (2)

where d—diameter of granules, m; h—thickness of the pyrocarbon coating, m; ρ0 = 3950 kg/m3

—density of Al2O3 granules; and ρc = 1660 kg/m3—density of pyrocarbon coating.
After the substitution of expression (2) to Formula (1), the following dependency for

evaluating the thickness of pyrocarbon coating can be obtained:

h =
1
6

(
1− X

100%

)
ρ0

ρc
d. (3)

In experimental studies, the purest materials were used to reduce the impact of side
reactions on the process. Particularly, gaseous argon has the following composition of
volume fractions: argon—99.993%, oxygen—0.0006%, nitrogen—0.005%, water vapor—
0.0009%, and CO2—0.0005%.

Gaseous nitrogen has the following composition of volume fractions: nitrogen—
99.999%, oxygen—0.0004%, water vapor—0.0002%, hydrogen—0.0002%, and carbon-
containing compounds in terms of CH4—0.0002%. Gaseous methane has the following
composition of volume fractions: methane—99.9%, nitrogen—0.035%, oxygen—0.023%,
ethane—0.013%, propane—0.015%, and water vapor—0.014%. Granules of Al2O3 have the
following composition of mass fractions: Al2O3—99.93%, Fe—0.04%, and Na—0.03%.
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To determine the size of the granules, processing of their photos using the “Digimizer”
software was used. The root mean square deviation of the measurement was 0.014 mm.

3. Results

Different ratios of Al2O3:CH4 are used to experimentally study the pyrolysis process
(thermal decomposition) to determine the effect of increasing the concentration of CH4 for
applying a pyrocarbon coating on granular Al2O3. Due to physical–chemical character-
istics, granulated Al2O3 has been chosen as a model of microspherical nuclear fuel. The
calculations of methane pyrolysis for applying pyrocarbon coating on granular Al2O3 are
presented below.

The following results were obtained based on the analytical modeling results to
determine the rational parameters of applying pyrocarbon coatings on granular Al2O3 in
an electrothermal fluidized bed reactor. These results allow for evaluating the rational
thermochemical parameters to deposit pyrocarbons during the pyrolysis of hydrocarbons
by thermodynamic methods. The content of substances was determined by spectral analysis
during experimental studies.

For the approximate determination of reaction products, the calculation results for the
case of the ratio of Al2O3:CH4 = 1:3 are presented in Figure 3. The equilibrium composition
of this system is presented in Table 2.
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Table 2. The equilibrium composition of the system “Al2O3:CH4 = 1:3”, mol/kg.

Temperature, K H H2 C CO CH4 Al Al2O3

400 1.93 × 10–22 3.80 × 10–2 1.90 × 10–2 1.93 × 10–22 20.20 1.93 × 10–22 6.63
500 1.99 × 10–20 0.41 0.20 1.93 × 10–22 20.01 0.01 × 10–28 6.63
600 3.07 × 10–16 2.08 1.04 0.01 × 10–28 19.18 1.16 × 10–21 6.63
700 3.21 × 10–13 6.82 3.41 1.93 × 10–22 16.81 0.01 × 10–28 6.63
800 6.15 × 10–11 15.96 7.98 5.03 × 10–15 12.24 0.01 × 10–28 6.63
900 3.52 × 10–9 26.89 13.46 3.94 × 10–14 6.77 3.44 × 10–16 6.63

1000 8.14 × 10–8 34.34 17.17 0.49 × 10–10 3.05 0.01 × 10–28 6.63
1100 9.95 × 10–7 37.78 18.89 1.83 × 10–8 1.33 1.37 × 10–10 6.63
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Table 2. Cont.

Temperature, K H H2 C CO CH4 Al Al2O3

1200 0.78 × 10–5 39.20 19.60 7.29 × 10–7 0.62 4.65 × 10–9 6.63
1300 0.44 × 10–4 39.80 19.90 0.16 × 10–4 0.31 9.05 × 10–8 6.63
1400 0.20 × 10–3 40.08 20.04 0.23 × 10–3 0.17 1.14 × 10–6 6.63
1500 0.71 × 10–3 40.22 20.11 0.23 × 10–2 0.10 0.01×10–3 6.62
1600 0.22 × 10–2 40.30 20.12 1.70 × 10–2 6.70 × 10–2 0.69 × 10–4 6.61
1700 0.60 × 10–2 40.34 20.02 9.60 × 10–2 4.50 × 10–2 0.37 × 10–3 6.53
1800 1.50 × 10–2 40.35 19.49 0.46 3.10 × 10–2 0.17 × 10–2 6.17
1900 3.30 × 10–2 40.35 17.33 1.90 2.20 × 10–2 0.65 × 10–2 4.75
2000 7.10 × 10–2 40.33 10.14 6.71 1.50 × 10–2 2.60 × 10–2 0.15 × 10–22

2100 0.14 40.24 6.14 9.70 1.10 × 10–2 0.19 0.01 × 10–28

2200 0.27 40.05 1.57 13.77 0.77 × 10–2 0.80 0.01 × 10–28

2300 0.49 39.71 0,67 16.84 0.54 × 10–2 2.60 0.01 × 10–28

The equilibrium curves of the system “Al2O3:CH4:N2 = 1:3:0.5” are presented in
Figure 4. The equilibrium composition of the system is presented in Table 3.
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Figure 4. The equilibrium curves of this system “Al2O3:CH4:N2 = 1:3:0.5”.

Table 3. The equilibrium composition of the system “Al2O3:CH4:N2 = 1:3:0.5”, mol/kg.

Temperature, K H2 N2 C CO CH4 Al Al2O3

300 0.82 × 10–3 3.08 0.14 × 10–2 4.46 × 10–23 18.47 1.93 × 10–22 6.05
400 3.70 × 10–2 3.08 2.10 × 10–2 0.01 × 10–28 18.45 1.93 × 10–22 6.05
500 0.40 3.08 0.20 0.01 × 10–28 18.26 1.93 × 10–22 6.05
600 2.04 3.08 1.03 5.99 × 10–19 17.44 1.93 × 10–22 6.05
700 6.64 3.08 3.33 0.11 × 10–9 15.14 1.93 × 10–22 6.05
800 15.27 3.08 7.64 1.89 × 10–8 10.83 1.93 × 10–22 6.05
900 25.21 3.08 12.61 1.04 × 10–6 5.86 1.93 × 10–22 6.05

1000 31.74 3.08 15.87 0.25 × 10–4 2.60 0.48 × 10–19 6.05
1100 34.69 3.08 17.35 0.32 × 10–3 1.12 5.82 × 10–17 6.05
1200 35.89 3.08 17.94 0.27 × 10–2 0.52 2.07 × 10–14 6.05
1300 36.40 3.08 18.19 1.60 × 10–2 0.27 2.94 × 10–12 6.05
1400 36.64 3.06 18.24 7.10 × 10–2 0.15 2.04 × 10–10 6.03
1500 36.75 2.99 18.11 0.26 8.80 × 10–2 8.06 × 10–9 5.97
1600 36.81 2.80 17.58 0.80 5.60 × 10–2 2.06 × 10–7 5.79
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Table 3. Cont.

Temperature, K H2 N2 C CO CH4 Al Al2O3

1700 36.84 2.37 16.30 2.08 3.70 × 10–2 3.86 × 10–6 5.37
1800 36.84 1.56 13.88 4.49 2.50 × 10–2 0.61 × 10–4 4.56
1900 36.84 0.60 10.10 7.38 1.70 × 10–2 0.98 × 10–3 3.59
2000 36.82 0.12 9.44 8.92 1.30 × 10–2 1.70 × 10–2 3,07
2100 36.75 8.20 × 10–2 4.44 12.52 0.92 × 10–2 0.14 0.01 × 10–28

2200 36.56 0.11 1.42 15.50 0.66 × 10–2 0.72 0.01 × 10–28

2300 36.22 0.32 1.34 16.05 0.50 × 10–2 2.05 0.01 × 10–28

The equilibrium curves of the system “Al2O3:CH4:Ar = 1:3:0.5” are presented in
Figure 5. The equilibrium composition of this system is presented in Table 4.
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Figure 5. The equilibrium curves of this system “Al2O3:CH4:Ar = 1:3:0.5”.

Table 4. The equilibrium composition of the system “Al2O3:CH4: Ar = 1:3:0.5”, mol/kg.

Temperature, K H2 Ar C CO CH4 Al Al2O3

500 0.39 2.98 0.19 1.93 × 10–22 17.62 0.01 × 10–28 5.84
600 1.97 2.98 0.98 1.93 × 10–22 16.82 0.01 × 10–28 5.84
700 6.40 2.98 3.20 1.93 × 10–22 14.61 0.01 × 10–28 5.84
800 14.73 2.98 7.37 2.29 × 10–19 10.44 0.01 × 10–28 5.84
900 24.31 2.98 12.16 2.36 × 10–14 5.65 0.01 × 10–28 5.84

1000 30.61 2.98 15.30 2.69 × 10–11 2.50 0.01 × 10–28 5.84
1100 33.45 2.98 16.73 1.12 × 10–8 1.083 2.58 × 10–10 5.84
1200 34.61 2.98 17.31 6.97 × 10–7 0.50 4.45 × 10–9 5.84
1300 35.11 2.98 17.55 0.16 × 10–4 0.26 8.65 × 10–8 5.84
1400 35.34 2.98 17.67 0.22 × 10–3 0.14 1.09 × 10–6 5.84
1500 35.45 2.98 17.72 0.22 × 10–2 8.50 × 10–2 9.74 × 10–6 5.84
1600 35.51 2.98 17.73 1.60 × 10–2 5.40 × 10–2 0.66 × 10–4 5.83
1700 35.54 2.98 17.63 9.20 × 10–2 3.70 × 10–2 0.35 × 10–3 5.75
1800 35.55 2.98 17.12 0.44 2.50 × 10–2 0.16 × 10–2 5.40
1900 35.55 2.98 15.06 1.81 1.80 × 10–2 0.62 × 10–2 4.04
2000 35.53 2.98 8.93 5.92 1.20 × 10–2 2.60 × 10–2 3.47 × 10–24

2100 35.45 2.98 4.38 9.26 0.88 × 10–2 0.18 0.01 × 10–28

2200 35.28 2.98 1.46 12.17 0.64 × 10–2 0.77 0.01 × 10–28

2300 34.97 2.98 0.28 14.87 0.45 × 10–2 2.41 0.01 × 10–28
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The equilibrium curves of the system “Al2O3:CH4:Ar = 1:5:0.5” are presented in
Figure 6, and the equilibrium composition—is in Table 5.
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Figure 6. The equilibrium curves of this system “Al2O3:CH4:Ar = 1:5:0.5”.

Table 5. The equilibrium composition of the system “Al2O3:CH4: Ar = 1:5:0.5”, mol/kg.

Temperature, K H2 Ar C CO CH4 Al Al2O3

400 4.90 × 10–2 2.50 2.43 × 10–2 1.16 × 10–21 24.91 1.93 × 10–22 4.90
500 0.52 2.50 0.26 0.01 × 10–28 24.67 1.93 × 10–22 4.90
600 2.68 2.50 1.34 0.01 × 10–28 23.59 1.93 × 10–22 4.90
700 8.75 2.50 4.37 0.01 × 10–28 20.56 1.93 × 10–22 4.90
800 20.26 2.50 10.13 1.11×10–17 14.80 0.28 × 10–19 4.90
900 33.71 2.50 16.85 2.55×10–14 8.08 2.46 × 10–16 4.90

1000 42.66 2.50 21.33 6.81×10–11 3.60 0.01 × 10–28 4.90
1100 46.74 2.50 23.37 1.39 × 10–8 1.56 3.97 × 10–10 4.90
1200 48.42 2.50 24.21 9.45 × 10–7 0.73 6.03 × 10–9 4.90
1300 49.13 2.50 24.56 0.21×10–4 0.37 1.17 × 10–7 4.90
1400 49.46 2.50 24.73 0.30 × 10–3 0.21 1.48 × 10–6 4.90
1500 49.62 2.50 24.81 2.90 × 10–3 0.12 0.13 × 10–4 4.90
1600 49.71 2.50 24.82 2.20 × 10–2 7.80 × 10–2 0.89 × 10–4 4.88
1700 49.75 2.50 24.69 0.12 5.30 × 10–2 0.48 × 10–3 4.78
1800 49.77 2.50 23.99 0.59 3.70 × 10–2 0.21 × 10–2 4.32
1900 49.77 2.50 21.20 2.46 2.60 × 10–2 0.84 × 10–2 2.47
2000 49.73 2.50 17.38 5.07 1.90 × 10–2 5.10 × 10–2 6.15 × 10–27

2100 49.63 2.50 10.57 9.98 1.30 × 10–2 0.26 0.01 × 10–28

2200 49.38 2.50 10.47 11.07 0.99 × 10–2 1.14 0.01 × 10–28

2300 49.00 2.50 10.44 12.54 0.75 × 10–2 2.86 0.01 × 10–28

The above measurements were also realized using certified measuring equipment at
the Gas Institute and the Institute of NPP Safety Problems of the National Academy of
Sciences of Ukraine.

As shown in Figure 6 and Table 5, the increased concentration of methane leads only
to an increase in the amount of generated carbon and hydrogen.
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The fundamental reactions are as follows:

CH4 + Al2O3 → C + 2H2 + Al2O3, under T = 600–1500 K; (4)

3CH4 + Al2O3 → 2Al +6H2 + 3CO, under T = 1500–2300 K. (5)

The left side of these equations shows the substance on which Al2O3 coating is applied
and the substance whose decomposition products form the granule’s surface coating. The
right part shows the substances formed during the pyrolysis of methane on the surface of
Al2O3 according to the composition, mass, and energy conservation laws [33].

Therefore, an increased CH4 concentration leads to increased carbon and hydrogen
formed when the temperature rises from 600 K. In this system, Al2O3 molecules are stable
up to 1500 K. However, above 1500 K, carbon from methane reduces Al2O3 to Al with the
formation of CO.

As a result of the conducted experimental research, it was possible to obtain a layer
of a pyrocarbon coating on the model of microspherical nuclear fuel (granulated Al2O3)
(Figure 7). The pyrocarbon content is 8% mass. The pyrocarbon coating was applied to
Al2O3 granules with a 0.75–1.0 mm dispersity range.
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Figure 7. Untreated (a) and treated (b) granules of Al2O3.

Figure 7 shows that the pyrocarbon densely covers the surface of Al2O3 granules.
This indicates sufficient pyrocarbon coating on the granules and opens the prospect of
implementing the pebble fuel elements in power reactors.

A comparison of the untreated and treated surfaces of granulated Al2O3 is presented
in Figure 8.
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Figure 8. Surfaces of the untreated (a,c) and treated (b,d) granules: (a,b)—×400; (c,d)—×1600.

According to Equation (3), for the mass fraction of X = (95 ± 1)%, the thickness of the
pyrocarbon coating has been evaluated in a range of 14–21 µm.

The results of the thermal imaging studies of the pyrolysis process are shown in
Figure 9. According to the thermal imaging data, the most significant heat loss occurs
through the upper part of the reactor near the gas outlet.
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4. Discussion

As the thermodynamic calculations show (Figure 3, Table 2), methane decomposes
into hydrogen and carbon starting at 600 K. As the temperature increases, the yield of
carbon and hydrogen increases. Initially, carbon is deposited as ash and pyrocarbon, acting
as a reducing agent. In this system, a molecule of Al2O3 is stable until the temperature of
1500 K. If temperatures exceed 1500 K, the carbon formed from methane begins to recover
Al2O3 to Al with the formation of CO. Therefore, the Al2O3 content slightly decreases in
the 1500–1900 K temperature range. However, above 2000 K, the Al2O3 content decreases
significantly and approaches zero. The Al content increases above 2000 K. Moreover, at
temperatures above 2100 K, the concentration of atomic hydrogen formation increases.
This result corresponds to the fact that atomic hydrogen is released only in cases without
an inert medium. The formation of molecules H2 from atomic hydrogen is significantly
affected by impurities in the gas. In other words, in the presence of inert gas in the system,
the formation of atomic hydrogen is observed in the initial stage. Nevertheless, then
gas molecules H2 are formed. In contrast, for multicomponent systems with noninert
components, the formation of H2 occurs immediately. This explains the difference in data
presented in Tables 2–5.

These results demonstrate the potentially better realization of processing methods for
coated granular materials for nuclear reactors compared with another study [34], where
fuels containing either uncoated or carbon-coated particles were first burned in oxygen at
800–1200 ◦C to eliminate the graphite and convert the uranium, thorium, and other metallic
constituents of the fuel to their respective oxides.

Remarkably, adding an inert environment to the system (e.g., nitrogen) is recom-
mended to avoid intensive ash formation during the pyrolysis of hydrocarbon gases. The
main results also correspond to the recent development of spherical pyrolytic-carbon-coated
UC2 and UThC2 fuel particles [35].

According to the evaluated data (Figure 4, Table 3), before the temperature of 1500 K,
nitrogen does not significantly affect the target reaction products. Nevertheless, if the
temperature exceeds 1500 K, the formation of various nitrogen-containing compounds with
carbon and hydrogen is possible in the system. The reduction of Al2O3 to Al when nitrogen
is added to the system occurs at a slightly higher temperature (over 2100 K).

Reactions (2) and (3) also correspond to fundamentals of catalytic decomposition [36].
Adding another inert environment (argon) allows for avoiding the formation of the

compounds mentioned above. The results of the thermodynamic calculations (Figure 5,
Table 4) indicate that argon does not affect the chemistry of the process.
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According to the thermodynamic calculations, it can be concluded that the rational con-
ditions for the pyrocarbon coating at the pressure of 0.1 MPa are realized at a temperature
of 900–1500 K and using argon as an inert environment.

The obtained results could also be helpful for further developments within interdis-
ciplinary research on carbon coatings [37], understanding the interdiffusion behavior of
coated materials [38] and restraining the interdiffusion of coated materials in the high-
temperature environment [39].

Further research will be aimed at the experimental study of the impact of argon supply
on applying pyrocarbon coatings on granules of Al2O3 in an electrothermal fluidized bed.
A more precise study of the impact of operating parameters on the thickness, as well as the
physical and chemical properties of the resulting coating, will also be carried out further
using an electron microscope.

5. Conclusions

Based on thermodynamic calculations, possible chemical interactions have been deter-
mined when applying a protective pyrocarbon coating to the microspherical nuclear fuel
model Al2O3, that is, carbon formation from methane and chemical resistance of Al2O3
before interaction with hydrogen and carbon up to 1500 K. In the case of an electrothermal
fluidized bed, the following rational process parameters have been evaluated: temperature
of 900–1500 K and pressure of 0.1 MPa.

Practically, from the designed experimental standpoint, the possibility of applying
the pyrocarbon coating on the model of pebble nuclear fuel has been proven. In this
case, during pyrolysis, pyrocarbon is precipitated from hydrocarbon in a reactor with an
electrothermal fluidized bed at a temperature in the bed in the range of 1073–1273 K.

Also, it has been experimentally proven that the pyrocarbon film evenly covers the
granules’ entire surface. This fact proves the technological conditions to produce pebble
nuclear fuel.

Overall, thermodynamic calculations showed the need to add an inert medium (nitro-
gen or argon) to the reactor. This gas significantly reduces the carbon black formation (with
amorphous morphology), which pollutes the reaction zone and reduces the efficiency of
using raw natural gas.
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Nomenclature
Abbreviations
HTGR high-temperature gas-cooled reactor;
NPP nuclear power plant.
Symbols
d diameter of granules, m
h thickness of the pyrocarbon coating, m
m1 the mass of batches of granules before coating, kg
m2 the mass of batches of granules after coating, kg;
X the mass fraction of pyrocarbon coating, %
ρ0 density of Al2O3 granules, kg/m3

ρc density of pyrocarbon coating, kg/m3
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