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The general increase in electricity consumption and the development of nuclear energy, including 
next generation nuclear reactors where graphite-based materials are used, definitely leads to an in-
crease in the need for its production. Therefore, the development and improvement of technologies 
for the production of high-purity graphite (including nuclear), namely the understanding of the 
thermodynamic and hydrodynamic processes of graphite purification, is of great practical impor-
tance. Thermodynamic calculations of the main chemical reactions of the high-temperature graph-
ite purification process were carried out in the paper. For conducting thermodynamic calculations, a 
sample of natural graphite with a purity of up to 94.33% mass was taken. With the following compo-
sition of impurities: SiO2–3.05  % mass; Al2O3–1.05 % mass; Fe2O3–1.01 % mass; CaO — ​0.2 % mass; 
MgO — ​0.31 % mass; S — ​0.048 % mass. The thermochemical parameters of the process were deter-
mined by the thermodynamic method (“TERRA” program). During the calculation, 0.9433 mol of 
C, 0.0305 mol of SiO2, 0.0105 mol of Al2O3, 0.0101 mol of Fe2O3, 0.0002 mol of CaO, 0.0031 mol of 
MgO, 0.00048 mol of S, and 1 mol of N2 were taken, temperature range is 300…3278 K, and pressure 
is 0.1 MPa. Obtained results show that at a temperature above 1600 K, part of the initial carbon is 
oxidized to CO, and nitrogen actually does not affect the process. And also taking into account that 
part of the substances CO; Si; SiC2; SiS; Al; Fe; Mg; Ca; SiO at temperatures of 2800…3200 K are in 
a gas state and are carried to the purifier, from which we can conclude that the reaction temperature 
must be higher than 2800 K to carry out this process. The study of the hydrodynamic characteristics 
of graphite in a fluidized bed was carried out on the designed model installation with a fluidized 
bed. The working zone of the device is made in the form of a graphite cone with an opening angle of 
25°, which provided the creation of a “spouted bed”. Besides, part of the fluidizing agent (nitrogen) 
was supplied in a pulsating mode. For the research, 6 samples of graphite with different physical 
properties and chemical composition were chosen, the filling volume was 0.5 l. Based on thermo-
dynamic calculations of the basic thermochemical reactions and cold hydrodynamic tests, a labo-
ratory installation was created to monitor the process of high-temperature purification of graphite.
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Thermodynamic Calculations and Hydrodynamic Studies  
of the Process of High-Temperature Purification of Graphite  
in an Electrothermal Fluidized Bed

Introduction

Due to its unique properties, graphite has become an 

integral part of items used in nuclear power, power equip-
ment, mechanical engineering, metallurgy and other in-
dustries. The field of application of graphite is constantly 
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expanding, thereby determining its consumer demand 
[1–7]. Taking this into account, graphite is already included 
in the list of strategic raw materials of the EU countries [1].

Other features of graphite as a material for nuclear 
physics include, first of all, a small effective cross-section 
σ of photonuclear reactions for carbon in the giant res-
onance region, associated with disruption of the natural 
oscillations of protons relative to neutrons (dipole oscil-
lations) by γ-quanta. Nucleons can leave the nucleus not 
only during dipole oscillations, but also after their decay. 
A large part of collisions of neutrons with carbon nuclei 
occurs by the mechanism of elastic scattering, which led 
to the effective use of graphite as a neutron moderator or 
absorber [8].

Graphite is a good construction material, due to the 
very high temperature of sublimation, graphite remains 
solid (in an oxygen-free atmosphere) up to temperatures 
of the order of 4273 K. At the same time, at a low density, 
graphite is a material that is not only solid, but also easily 
processed mechanically, has a low pressure of saturated 
vapors in a vacuum even at elevated temperatures. Graph-
ite has high thermal conductivity and heat capacity, at the 
same time not necessarily having high electrical conduc-
tivity. This material in the temperature range of its use 
increases its strength with increasing temperature, has 
corrosion and erosion resistance during irradiation [9]. 
The strength of graphite varies significantly depending 
on the method of its production, therefore graphites with 
the identical density, but differing in structure, can have 
different strengths. The general rule is that a more finely 
structured graphite composite has greater strength and 
longer service life, as a rule [10].

Graphite as a structural and functional material 
was used in high-temperature reactors: AVR (Germa-
ny), HTGR‑1 (USA), improved reactor with gas cooling 
AGR (England), and in high power channel-type reactors 
(HPCR) (USSR, RF, Lithuania) [11]. Currently, graphite 
is a structural and functional material in nuclear power 
systems of the IV generation, in particular, in high-tem-
perature gas cooled (HTGR, HTR, HTGR, VHTR) and 
molten salt reactors (MSR) [12].

With the development of nuclear power systems 
of the IV generation and the increase in the popularity 
of electric transport, there is a dynamic increase in the 
consumption of graphite [13–16], therefore the issue of 
developing and improving technologies for the produc-
tion of high-purity graphite (including nuclear) is of great 
practical importance.

An overview of modern graphite purification tech-
nologies is described by the authors in [17].

Thermodynamic calculations of the main 
chemical reactions of the high-temperature 
graphite purification process

The research is based on the idea of high-tempera-
ture purification of graphite to high degrees of purity in 
an oxygen-free atmosphere without the use of harmful 
halogen-containing compounds.

The task of the research as a whole is to determine 
the fundamental possibility of purifying natural graphite 
to nuclear purity by means of its high-temperature treat-
ment in an electrothermal fluidized bed (ETFB).

For research, 6 samples of natural graphite were tak-
en, the characteristics of which are presented in Table. 1.

The use of a fluidized bed (FB) should allow heat to 
be evenly distributed between graphite particles, and the 
formation of a microdischarge plasma will allow reaching 
the required temperatures.

Thermodynamic methods (“TERRA” program) were 
used to determine the thermochemical parameters of the 
process.

Natural graphite with a purity of up to 94.33  % mass 
was chosen for the study with the following composi-
tion of impurities: SiO2 — 3.05  % mass; Al2O3 — 1.05  % 
mass; Fe2O3 — 1.01  % mass; CaO — ​0.2  % mass; MgO — ​
0.31  % mass; S — ​0.048  % mass. During the calculation, 
0.9433 mol of C, 0.0305 mol of SiO2, 0.0105 mol of Al2O3, 
0.0101 mol of Fe2O3, 0.0002 mol of CaO, 0.0031 mol of 
MgO, 0.0031 mol of MgO, 00048 mol of S and 1 mol N2 
were taken, temperature range is 300…3278 K, pressure 
is 0.1 MPa:

The equilibrium curves of the system are shown in 
Fig. 1.

For a more convenient perception of impurity con-
centrations, let’s make a graph excluding carbon, nitrogen 
and CO (Fig. 2).

The equilibrium composition of the system is given 
in Tables 2–4.

From these calculations, it can be seen that above 
1600 K, part of the initial carbon is oxidized to CO. Ni-
trogen actually does not affect the processes.

The main thermophysical characteristics of this pro-
cess are given in Table 5, where T is temperature, K, SENTR 
is entropy, kJ/kg K, IENTL is total enthalpy, UIE is total inter-
nal energy, kJ/kg, MMg is the molar mass of the gas phase, 
Cp’ is the specific heat capacity, Cp’g is heat capacity of gas 
phase, kJ/(kg · K).

Considering that part of the CO; Si; SiC2; SiS; Al; Fe; 
Mg; Ca; SiO substances at temperatures of 2800…3200 K 
are in a gaseous state and carried to the purifier, the meth-
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Table 1. Characteristics of natural graphite samples

Parameter
Sample

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Content of chemical 
components,  % mass:

Ph 9.2 9.2 8.6 9.4 8.1 9.0
C 91.0 90.4 92.4 92.3 93.1 93.0
Al 8.8 9.4 7.3 7.6 6.8 6.8
W 0.2 0.2 0.5 0.3 0.2 0.17
V 0.2 0.2 0.3 0.1 0.1 0.2

Bulk density, g/l 482 430 553 377 466 651
Tap density, g/l 610 580 710 500 600 570
Granulometric composition,  %:

500 μm – – – – – –
400 μm – – – – – –
315 μm – – 0.1 – – –
200 μm 0.4 0.1 7.2 0.2 0.3 –
180 μm 1.0 0.6 5.5 0.3 1.0 0.1
160 μm 4.4 1.1 6.5 0.7 3.1 1.1
150 μm 4.8 2.3 5.9 1.1 4.9 2.2
100 μm 36.1 20.6 25.6 10.2 33.3 23.6
71 μm 23.5 23.9 19.3 23.8 25.3 31.5
63 μm 7.9 9.1 10.3 14.8 10.7 12.3
45 μm 9.9 18.3 9.3 19.3 10.7 14.6
–45 μm 12.0 24.0 10.3 29.6 10.7 14.6

Fig. 1. Equilibrium curves of the system “C + SiO2 + Al2O3 + Fe2O3 + CaO + MgO + S + N2 
0.9433 : 0.0305 : 0.0105 : 0.0101 : 0.0002 : 0.0031 : 0.00048 : 1”
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od of high-temperature purification of graphite to high 
degrees of purity must be effective.

Determination of hydrodynamic features of 
fluidization of natural graphite on a cold model

Natural graphite powder, due to the platelet (lamel-
lar) shape of its particles, is an inconvenient material for 
creating a FB. During blowing it with gas, instead of the 
usual bubble boiling, one or more channels are formed, 
through which most of the gas passes. In order to pass the 
bubble boiling of the material and ensure the possibility 
of continuous operation of the installation (loading/un-
loading without cooling of the installation), the working 
zone of the reactor is made in the form of a graphite cone 
with an opening angle of 25°, which ensured the creation 
of a “spouted bed”. In addition, part of the fluidizing agent 
(nitrogen) was supplied in a pulsating mode.

The experiments were carried out in the cold mode 
of operation of the ETFB laboratory installation with the 
outer cover open to determine the optimal parameters for 
supplying the fluidizing agent (nitrogen) to the working 
area, which would ensure good mixing of the material in 
the working area. At the first stage, nitrogen was supplied 
in a single flow in a stationary and pulsating mode in the 
center of the working area. Graphite samples Nor. 1–7 
with a filling volume of 0.5 l were selected for the research. 
The schematic picture of material fluidization is presented 
in Fig. 3.

Based on the results of visual observation of the flu-
idization nature, it can be noted that the boiling of sample 

No. 6 was characterized by the formation of a channel 
and the ejection of material at the point that was above 
the hole for nitrogen supply and the finished material dis-
charge. The boiling of sample No. 5 was similar to that of 
sample No. 6, but it was characterized by a smaller emis-
sion of graphite particles. During the boiling of sample 
No. 4, the working area was heavily “dusted” with finely 
dispersed material, which prevented the visual control of 
the process. Higher values of the nitrogen flow did not 
ensure proper boiling and mixing of the material, but only 
caused a higher discharge of the material through the 
channel and an increase in the removal of the material. 
Lower values of nitrogen consumption led to the “laying 
down” of graphite material. The material of samples No. 
2 and No. 3 was generally in a stationary state and only 
under mechanical influence, a channel was formed in it 
through which nitrogen passed. Practically the same pic-
ture also occurred for sample No. 1.

To assess the possibility of intensification of fluidiza-
tion of the material, similar experiments were conducted 
on a cold model of the working zone of the laboratory 
installation with an additional supply of nitrogen through 
side holes in the peripheral electrode. The visual picture 
of fluidization is shown in Fig. 4.

Additional supply of nitrogen through side channels 
increased the intensity and degree of homogeneity of boil-
ing, however, during pulsations and when the supply was 
stopped, the material flowed through these holes into the 
cold zone of the reactor (outside the peripheral electrode). 
Therefore, in order to avoid the removal of graphite materi-
al during experiments on heat treatment of graphite, it was 

Fig. 2. Equilibrium curves of the system “С + SiO2 + Al2O3 + Fe2O3 + CaO + MgO + S+ N2  
0.9433 : 0.0305 : 0.0105 : 0.0101 : 0.0002 : 0.0031 : 0.00048 : 1” (excluding carbon, nitrogen and CO)
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Table 2. The equilibrium composition of the system “С + SiO2 + Al2O3 + Fe2O3 + CaO + MgO + S + N2  
0.9433 : 0.0305 : 0.0105 : 0.0101 : 0.0002 : 0.0031 : 0.00048 : 1” (mol /kg)

T N2 C(c) CO CN Si SiO2

300 16.5158 31.8558 3.59E‑11 1.93E‑22 1.93E‑22 0.904849

500 16.5158 31.8505 4.24E‑05 1.93E‑22 1.93E‑22 0.898249

700 16.5158 31.8428 0.015449 1.93E‑22 1.93E‑22 0.898249

900 16.5158 30.8556 0.690432 1E‑19 1.93E‑22 0.898249

1100 16.5158 30.7066 0.988257 4.38E‑15 1.93E‑22 0.898249

1300 16.5158 30.6927 1.00374 7.01E‑12 2.11E‑16 0.904845

1500 16.5158 30.6717 1.02286 1.55E‑09 1.95E‑10 0.895677

1700 16.5158 27.7346 2.98863 1E‑07 2.27E‑07 1E‑30

1900 16.1687 26.6007 4.12938 2.59E‑06 0.000011 1E‑30

2100 16.17 26.6468 4.11041 3.56E‑05 0.000245 1E‑30

2300 16.202 26.7137 4.08349 0.000309 0.003171 1E‑30

2500 16.5125 26.8634 4.03821 0.001956 0.028484 1E‑30

2700 16.5034 27.0783 4.02613 0.009271 0.182607 1E‑30

2900 16.4794 26.6359 4.10524 0.035102 0.287433 1E‑30

3100 16.4178 26.0983 4.14568 0.111012 0.249027 1.15E‑27

3300 16.2695 25.1775 4.15654 0.304904 0.195782 2.86E‑30

Table 3. The equilibrium composition of the system “С + SiO2 + Al2O3 + Fe2O3 + CaO + MgO + S + N2 0.9433:  
0.0305: 0.0105: 0.0101: 0.0002: 0.0031: 0.00048: 1” (mol /kg)

T SiS SiC(c) SiC2 Al Al2O3 Fe Fe3C

300 1.93E‑22 1E‑30 1.93E‑22 1.93E‑22 0.347129 1.93E‑22 1E‑30

500 1.93E‑22 1E‑30 1.93E‑22 1.93E‑22 0.347129 1.93E‑22 1E‑30

700 1.93E‑22 1E‑30 1.93E‑22 1.93E‑22 0.347129 1.93E‑22 1E‑30

900 1.18E‑21 1E‑30 1.93E‑22 1.93E‑22 0.347129 9.1E‑16 0.21656

1100 1.3E‑12 1E‑30 1.93E‑22 1.93E‑22 0.347129 1.46E‑11 0.21661

1300 3.21E‑06 1E‑30 6.96E‑20 7.4E‑16 0.347129 1.14E‑08 0.219052

1500 0.00875 1E‑30 5.43E‑13 1.32E‑10 0.347129 1.47E‑06 0.221844

1700 0.015843 0.97136 3.19E‑09 3.45E‑07 0.248792 5.59E‑05 0.221825

1900 0.010174 0.964793 5.47E‑07 5.79E‑05 1.68E‑28 0.000931 0.221534

2100 0.015825 0.940029 3.33E‑05 0.002617 1E‑30 0.008648 0.218961

2300 0.015797 0.91188 0.000986 0.060511 1E‑30 0.054233 0.203766

2500 0.015749 0.829023 0.017608 0.644204 1E‑30 0.264013 0.133839

2700 0.015708 0.314833 0.201436 0.684619 1E‑30 0.665531 1.37E‑26

2900 0.015198 5.54E‑26 0.519755 0.687619 1E‑30 0.665528 1E‑30

3100 0.012531 1.15E‑27 0.690585 0.684705 1.15E‑27 0.665519 1.15E‑27

3300 0.006462 2.86E‑30 0.787044 0.677185 2.86E‑30 0.665494 2.86E‑30
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Table 5. Thermophysical characteristics of the graphite purification process in the system  
“C + SiO2 + Al2O3 + Fe2O3 + CaO + MgO + S+ N2 0.9433 : 0.0305 : 0.0105 : 0.0101 : 0.0002 : 0.0031 : 0.00048 : 1”

Table 4. The equilibrium composition of the system “С + SiO2 + Al2O3 + Fe2O3 + CaO + MgO + S + N2  
0.9433 : 0.0305 : 0.0105 : 0.0101 : 0.0002 : 0.0031 : 0.00048 : 1” (mol /kg)

T SENTR IENTL UIE Cp’ MMg Cp’g

300 3.463 −1836.07 −1836.33 0.868105 28.0657 1.03964

500 3.96746 −1636.52 −1664.35 1.09949 28.0771 1.05506

700 4.36624 −1398.47 −1453.89 1.28715 28.0696 1.10121

900 4.85966 −1004.42 −1091.29 1.7041 28.1551 1.14742

1100 5.16411 −701.943 −818.675 1.43207 28.0181 1.18605

1300 5.40897 −408.561 −554.503 1.46715 28.015 1.21837

1500 5.63026 −98.667 −274.018 0 28.0304 1.24355

1700 6.19055 800.53 572.822 1.55988 28.049 1.26386

1900 6.52949 1402.58 1130.3 1.53444 28.037 1.27762

2100 6.68637 1716.1 1409.48 1.59609 28.0749 1.28859

2300 6.85231 2081.93 1738.94 2.32702 28.161 1.31578

2500 7.18254 2877.86 2479.37 2.79016 28.4868 1.45347

2700 7.4615 3604.48 3152.71 4.54308 29.269 1.50295

2900 7.67097 4187 3688.32 2.18372 29.5018 1.53879

3100 7.81788 4627.68 4087.09 2.3405 29.5847 1.61597

3300 7.99715 5202.58 4616.29 3.74655 29.6971 1.85524

T Fe3O4 FeS Mg MgSiO3 MgAl2O4 Ca

300 0.219198 8.73E‑26 1.93E‑22 0.101673 1E‑30 1.93E‑22

500 0.216553 0.015874 1.93E‑22 0.101673 1E‑30 1.93E‑22

700 0.216553 0.015874 1.93E‑22 0.101673 1E‑30 1.93E‑22

900 1E‑30 0.015853 6.68E‑21 0.101673 1E‑30 1.93E‑22

1100 1E‑30 0.015701 5.45E‑14 0.101673 1E‑30 4.06E‑20

1300 1E‑30 0.008377 3.94E‑09 0.101673 1E‑30 1.07E‑14

1500 1E‑30 9.11E‑29 1.37E‑05 0.101659 1E‑30 1.32E‑10

1700 1E‑30 1E‑30 0.003334 2.42E‑28 0.098337 7.44E‑07

1900 1E‑30 1E‑30 0.101663 1E‑30 4.15E‑29 0.000926

2100 1E‑30 1E‑30 0.101668 1E‑30 1E‑30 0.006599

2300 1E‑30 1E‑30 0.101671 1E‑30 1E‑30 0.006597

2500 1E‑30 1E‑30 0.101672 1E‑30 1E‑30 0.006596

2700 1E‑30 1E‑30 0.101672 1E‑30 1E‑30 0.006586

2900 1E‑30 1E‑30 0.101671 1E‑30 1E‑30 0.006561

3100 1.15E‑27 1.15E‑27 0.101666 1.15E‑27 1.15E‑27 0.006507

3300 2.86E‑30 2.86E‑30 0.101656 2.86E‑30 2.86E‑30 0.006399
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Fig. 3. Character of natural graphite particles fluidization in the “cold” mode  
of operation of the ETFB installation: a — ​No. 6, b — ​No. 5, c — ​No. 4, d — ​No. 3,  

e — ​No. 2, f — ​No. 1

Fig. 4. The nature of natural graphite particles fluidization in a cold model of the working area  
of ​​a laboratory installation with ETFB with additional holes for nitrogen supply:  

a — ​sample No. 5, b — ​sample No. 6, c — ​sample No. 4

a

a

d

b

b

e

c

c

f
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decided to temporarily abandon the additional holes in the 
peripheral electrode of the ETFB laboratory installation.

Laboratory installation for researching  
the process of the natural graphite  
high-temperature purification

The laboratory installation with ETFB is designed 
to determine the principle possibility of enriching natural 
powdered graphite to a carbon content of 99.9% mass. using 
its high-temperature (over 2273 K) treatment in an inert 
atmosphere. The choice of a gas distribution device in the 
form of a cone is due to the creation of conditions for the 
continuity of the process (unloading/loading the reaction 
zone of the reactor without cooling the installation). The 
scheme of the reactor is presented in Fig. 5.

The reactor works as follows: through the fittings 1 
and 2, through the pipe 3, nitrogen is supplied to the re-
action zone 4 in stationary and pulsating mode, respec-
tively. Nitrogen exits into the atmosphere through pipe 5 
and cyclone cleaner 6. Through the hole for monitoring 
the process 7, the starting material is loaded into the re-
action zone 4 and a current is supplied to the electrode 

8. The lower 9 and upper 10 covers are cooled with water. 
The height of the electrode is regulated by a worm-type 
mechanism 11. The temperature is measured by a pyrom-
eter through the hole 12 and a thermocouple 13. After the 
process, the material is unloaded into the bunker 14. The 
outer layer of thermal insulation 15 is made of heat-resis-
tant wool MKRR‑130, the inner layer 16 is made of techni-
cal carbon. The outer cylindrical case is made of stainless 
steel Х18Н10Т.

The basic technological scheme is shown in Fig. 6.
The appearance of the installation is shown in Fig. 7.
The installation works as follows: cooling water 

is supplied to the reactor 1 by opening the ball valve 2, 
nitrogen is supplied to the gas distribution comb 4 by 
opening the shut-off valve on the cylinder 3, then nitro-
gen is supplied in stationary mode by opening the valve 5 
through the rotameter 6. By opening the valve 7 through 
the rotameter 8, the receiver 9 and the pulsator 10 sup-
ply nitrogen in a pulsating mode. Nitrogen, after passing 
through reactor 1, enters the purifier 11 and the hood 12. 
Material is loaded through the observation window 13. 
By turning on the switch 14, current is supplied to the 
reactor 1 through the transformer 15 and the electrode 16. 

Fig. 5. Scheme of the reactor of the laboratory 
installation for researching the process of natural 
graphite purification:
1 — ​fitting for nitrogen supply in stationary mode, 
2 — ​fitting for nitrogen supply in pulsating mode, 
3 — ​pipe for nitrogen supply, 4 — ​reaction zone (FB), 
5 — ​pipe for nitrogen removal, 6 — ​cyclone cleaner, 
7 — ​hole for tracking the process/material loading, 
8 — ​electrode, 9 — ​lower water cooling cover, 
10 — ​upper water cooling cover, 11 — ​mechanism for 
adjusting the height of the electrode, 12 — ​hole for 
tracking radiation for the pyrometer,  
13 — ​thermocouple, 14 — ​bunker for cooling the 
finished product, 15 — ​external thermal insulation, 
16 — ​internal thermal insulation
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Fig. 6. Basic technological diagram of a laboratory installation for cleaning natural graphite:
1 — ​reactor with ETFB, 2 — ​ball valve, 4 — ​gas distribution comb, 5, 7 — ​valves, 6, 8 — ​rotameter,  

9 — ​receiver, 10 — ​pulsator, 11 — ​cyclone cleaner, 12 — ​hood, 13 — ​window for observation/loading material,  
14 — ​switch, 15 — ​power transformer, 16 — ​electrode, 17 — ​unloading and cooling system

Fig. 7. The appearance of the laboratory installation  
for the research of the natural graphite purification process
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After the process, the material is unloaded through the 
unloading and cooling system 17.

Table 6 shows the ranges of changes in the operating 
parameters of the laboratory installation for the research 
of high-temperature purification of natural graphite.

Pyrometers Promyn (Ukraine) and FLUS IR‑866 U 
(China) will be used to measure the temperature.

Basic principles of experimental research

The results of preliminary thermodynamic calcula-
tions show that some of the impurities pass into the gas 
phase according to their evaporation temperature. An-
other part of the impurities, namely among themselves, 
forms compounds that also pass into the gas phase (for ex-
ample, Fe3C at temperatures above 1923 decomposes into 
Fe and carbon) and are carried to the purifier with inert 
gas. The calculated range of temperatures at which graph-
ite reaches a high degree of purity is 2573…2873 K. Part 
of the graphite can interact with oxygen, which is formed 
from oxide impurities and be carried into the purifier in 
the form of CO. Estimated losses of graphite from oxida-
tion to CO will be 7…10 % mass.

Сonclusions

1.	 Part of the substances (Si; SiC2; SiS; Al; Fe; Mg; Ca; 
SiO) that should be formed during the process of high-tem-
perature purification of graphite at temperatures above 
2800 K are in a gaseous state. Therefore, to carry out this 
process, the reaction temperature must be above 2800 K.

2.	 On the basis of thermodynamic calculations of 
the main thermochemical reactions, a laboratory instal-
lation for researching the process of high-temperature 
graphite purification was developed and cold hydrody-
namic tests were created.
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Термодинамічні розрахунки та гідродинамічні 
дослідження процесу високотемпературного 
очищення графіту в електротермічному 
псевдозрідженому шарі

Загальне збільшення споживання електроенергії 
та розвиток ядерної енергетики, в тому числі ядерних 

реакторів нового покоління, де застосовуються мате-
ріали на основі графіту, безумовно веде до зростан-
ня необхідності його виготовлення. Тому розробки 
та вдосконалення технологій виробництва графіту 
високої чистоти (у тому числі ядерної), а саме розу-
міння термодинамічних та гідродинамічних процесів 
очищення графіту, мають велике практичне значення.

У роботі проведено термодинамічні розрахунки 
основних хімічних реакцій процесу високотемпера-
турного очищення графіту. Для проведення термоди-
намічних розрахунків був взятий зразок природного 
графіту з чистотою до 94,33  %мас. зі складом домішок: 
SiO2 — 3,05  %мас.; Al2O3 — 1,05  %мас.; Fe2O3 — 1,01  %мас.; 
CaO — ​0,2  %мас.; MgO — ​0,31  %мас.; S — ​0,048  %мас. Тер-
мохімічні параметри процесу визначалися термодина-
мічним методом (програма TERRA). Під час проведення 
розрахунку було взято 0,9433 моль С, 0,0305 моль SiO2, 
0,0105 моль Al2O3, 0,0101 моль Fe2O3, 0,0002 моль CaO, 
0,0031 моль MgO, 0,00048 моль S та 1 моль N2, діапазон 
температур: 300…3278 К, тиск 0,1 МПа. З отриманих ре-
зультатів видно, що за температури вище 1600  К части-
на вихідного вуглецю окислюється до СО, а азот фак-
тично не впливає на проходження процесів. А також 
враховуючи, що частина речовин СО; Si; SiC2; SiS; Al; Fe; 
Mg; Ca; SiO за температур 2800…3200 К перебувають 
у газовому стані та виносяться в очисник, з чого можна 
зробити висновок, що для проведення цього процесу 
температура реакції має бути вище 2800 К.

Вивчення гідродинамічних особливостей графі-
ту у псевдозрідженому шарі проводилось на створе-
ній модельній установці з псевдозрідженим шаром. 
Робоча зона апарату виконана у вигляді графітово-
го конуса з кутом розкриття 25°, що забезпечувало 
створення «фонтануючого шару». Крім того, частина 
зріджуючого агенту (азоту) подавалася в пульсуючо-
му режимі. Для проведення досліджень було обрано 
6 зразків графіту з різними фізичними властивостя-
ми і хімічним складом, об’єм засипки 0,5 л.

На  основі термодинамічних розрахунків ос-
новних термохімічних реакцій розроблено та  хо-
лодних гідродинамічних випробувань створено 
лабораторну установку для дослідження процесу 
високотемпературного очищення графіту.

Ключові слові: графіт ядерної чистоти, електротермічний 
псевдозріджений шар, високотемпературна очистка, 
термодинаміка, гідродинаміка.
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