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ABSTRACT

Due to the low cost of coal and the fact that it is readily available in most parts of the world, coal is a convenient
fuel source. Despite the inefficiency of the systems when it comes to converting heat energy into electricity, new
technologies are necessary in order to improve their efficiency. In contrast to traditional methods of starting-up boilers
and stabilizing combustion, plasma ignition and combustion stabilization (PICS) of pulverized coal flames offers an
effective and sustainable alternative to the use of fuel oil or gas. This technology involves heating the air-coal mixture
with electric arc plasma until the coal devolatilizes and the coke residue partially gasifies. Consequently, low-rank
coal is converted into a highly reactive two-component fuel (HRTF) consisting of combustible gas and coke residue.
For these processes in a plasma-coal burner (PCB) using Ekibastuz coal in the form of dust, a kinetic analysis was
conducted using the PlasmaKinTherm program. Modeling the kinetics of PICS of pulverized fuel allowed changes
in temperature, velocity, and concentration to be determined along the length of a PCB. The composition, degree of
carbon gasification, and temperature of a stable coal-dust flame were determined using plasma ignition of solid fuel.
Based on the comparison between experimental and calculated data, it was found that the results were satisfactory.
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1. Introduction

Chemical changes, pressure, and heat compacted
decayed plant material into a solid form, which is
coal. Coal can be converted into electricity using a
variety of conversion methods [1]. Coal has been
the main source of electricity generation worldwide
for the last three decades. There are 2,435 coal-fired
power plants operating in the world as of July 2023,
with China home to nearly half of all coal-fired power
plants [2, 3].

Coal is one of the most dense energy sources
available, producing as much electricity as 1,927
kilowatt-hours per metric ton. Clean coal involves
washing the coal before it is burned and removing
pollutants such as sulfur dioxide from its emissions.
New ‘clean coal’ technologies are being developed to
overcome the harm caused by coal consumption, and
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allow coal use to remain economically competitive
despite the high cost of achieving low emissions, and
eventually ‘near-zero’ emissions [4, 5].

Kazakhstan has considerable coal reserves, but
90% of the coal balance at thermal power plants is
high-ash Ekibastuz coal, which has a high moisture
content and increases transportation costs, CO,
emissions, and spontaneous combustion as a result of
storage.

Low-rank coal presents a number of challenges
when burned in traditional boilers and pulverized
coal combustion systems. New technologies are
being developed to ensure efficient coal combustion
and environmental protection [6, 7]. Currently,
nature security and energy conservation require the
selection of the most successful technological and
scientific achievements [8-10].

Pulverized coal combustion technologies using
plasma guns can accelerate coal devolatilization and
ignition within a short period of time, resulting in
minimal environmental impact [11]. One of these

© 2024 NuctutyT npobieM ropeHus



180 M.N. Orynbasar et al. / TOPEHUE U IINIASMOXUWUMUS 22 (2024) 179-186

technologies is the PCB (plasma-coal burner), which
uses plasma to ignite and stabilize the flame on
pulverized coal. This technology utilizes a process
of thermochemical fuel preparation for combustion,
known as PICS (Plasma ignition and combustion
stabilization) [12].

2. Materials and methods

2.1. Materials

In this study, PICS was evaluated on HRTF
production for low-rank Ekibastuz steam coal at
temperatures between 300 and 2000 K and at a
pressure of 0.101 MPa. There were three different
concentrations of coal dust and air investigated, and
the optimal ratios were 0.6 kg/kg (1000 kg coal per
1667 kg air), 0.7 kg/kg (1000 kg coal per 1429 kg
air), and 0.8 kg/kg (1000 kg coal per 1250 kg air).
Ekibastuz coal contains 40% ash, 24% volatile yield,
5.8% moisture, and 16,700 kJ/kg of calorific value.
There is a softening temperature of 1523 K for ash.

An analysis of coal dust by sieve indicates that
coal dust has a fractional composition. According
to the analysis, the average coal particle size is 60
microns [12-14].

2.2. Methods

2.2.1. Kinetic methodology

Thermodynamic models can estimate HRTF
composition and carbon gasification based on the
temperature of the PICS process [15]. Because it
does not take into account important parameters
such as the process time and the time required for the
reagents to move through the PCB, it does not provide
a comprehensive understanding of the thermal
and dynamic processes that occur when two-phase
reacting flows interact with plasma sources. PICS
cannot be implemented without knowing the PCB
configuration and dimensions. A kinetic model of the
PICS process was generated using PlasmaKinTherm
for this purpose [13].

2.2.2. Experiment

As shown in Fig. 1, PICS experiments were
conducted using a direct flow PCB. There is a pipe
installed within the cylindrical section of the PICS
chamber (8). At the entrance to the chamber, there is
aplasma torch (7). In the PCB channel, coal dust from
the hopper (3) is mixed with air from the centrifugal
fan (1), at a rate of 15 meters per second, in order to
create a mixture of air and coal dust. The mixture

of air and coal enters the plasma torch (7) where it
meets the plasma jet created by the nozzle, which is
the anode. Plasma jets are formed by blowing plasma-
forming gases between electrodes, which are then
heated. In the vicinity of the anode cut, the plasma
jet reaches a temperature of 5000 K [13]. During
the experiment, a direct-flow PCB with a diameter
of 0.15 meters and a length of 3 m was examined.
A plasma torch with a nominal electrical output
of 100 kW was used to conduct the experiments
on low-rank Ekibastuz coal. Coal dust was sieved
and the fractional content was determined. In this
experiment, coal and air were consumed at rates of
1000 kg/h and 1430 kg/h respectively. The air-coal
mixture was heated to a temperature of 300 K. It was
found that the plasma torch provided 80 kW of power
at 85 percent efficiency, resulting in the release of
68 kW of power. During the experiment, the direct
current plasma torch’s power was determined by
measuring the current (I) and voltage (U) on the arc
(P=U*I). A water-cooled cathode and anode were
calorimetered in order to determine the efficiency of
the plasma torch [12].

3. Results and discussion

The concentration of coal dust in the aeromixture
was investigated in relation to velocity, temperature,
and composition of the PICS products. For coal dust
concentrations in the aeromixture of 0.6, 0.7, and
0.8 kg/kg, ignition and combustion processes were
calculated. A summary of the results can be found in
Fig. 2-4. According to the figures, the abscissa axis X
represents the distance along the PCB axis.

Fig. 1. Scheme of plasma-coal burner: 1 — air supply
centrifugal fan; 2 — drive motor for auger feeder; 3 —hopper
for coal dust; 4 —batcher for coal dust; 5 — confuser-diffuser
nozzle; 6 — drive motor for fan; 7 — plasma torch; 8 — pipe-
lined section for the plasma torch; 9 — PICS chamber lined
section.
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Fig. 3. Changes in the velocity of coal fractions and the gas phase at coal dust concentrations in the air mixture increase
p=0.6 (a), 0.7 (b) and 0.8 (c) along the length of the PCB: 1-5 — size fractions of coal particles, g — gas.

From Fig. 2 (a), it can be seen that a maximum
gas temperature of 1751 °C is sufficient to heat and
ignite the coal particles within the PCB at u=0.6 kg/
kg. There is an increase in the temperature of the gas
and coal particles as the length of the PCB increases.
Approximately 1.4 m in length, the gas temperature
passes through a maximum (T, = 1751 °C), while
the particle temperatures do not reach a maximum
along the entire channel length (X = 3 m), except at
a length of 2.18 m (1301 °C), where the maximum
temperature of the smallest fraction of 10 microns
is reached. It was observed that the gas temperature
(1214 °C) at the burner outlet is significantly lower
than the coal temperatures of 10 microns (1230 °C)
and 20 microns (1225 °C), and that the difference
between the temperature of the gas and particles
at the PCB outlet is significant, increasing as coal
fractions 3 to 5 increase in size: 1190 °C, 900 °C, and
677 °C, respectively. When larger coal particles are
heated, they are heated more slowly than small coal
particles, which results in a reduced amount of heat
being released due to the oxidation process of carbon.
It is important to note that the temperature of fraction
1 at the outlet of the PCB is 16 °C higher than that
of the gas, which is associated with the oxidation of
carbon on the particle surface.

The thermal equilibrium of coal particles and
gas on the length of the PCB (3 m) at a coal dust
concentration of 0.6 kg/kg was observed with sizes of
10 and 30 um (curves g, 1, 2, respectively) is already
established at the exit from the PCB. As described
previously, the velocity curves are qualitatively
similar when coal dust concentrations are 0.7 kg/kg
and 0.8 kg/kg (Fig. 2 (b) and 2 (c)).

The coal particles and gas accelerate along
the PCB length from 17.1 m/s to their maximum
velocities when there is a concentration of 0.6 kg/
kg of coal dust in the air mixture, as shown in Fig. 3
(a). At a channel length of 1.5 m, it provides a peak

gas velocity of 117.2 m/s. A decrease in speed occurs
at the PCB outlet, where it decreases to 87.3 m/s. It
should be noted that, with the exception of fraction
1, there is no extreme point in the velocity curves of
coal particles accelerated by gas over the PCB length
considered. A PCB length of 1.86 meters results in
a maximum velocity of 100.9 m/s for coal particles
in fraction 1. As for the coal particles of the other
fractions, they had maximum velocities at the PCB
outlet of 97.2, 97.2, 85.0, and 76.2 m/s, respectively
(curves 2-5). Regardless of fraction size, PCB’s
coal particles and gas velocities are much higher
than existing pulverized coal burners’ air mixture
velocities (normally 20-30 m/s).

It is important to note that dynamic equilibrium
between coal particles and gas is not achieved over
the measured PCB length (3 m) at 0.6 kg/kg coal
dust concentration, despite the tendency for gas and
particle velocity velocities to converge. It appears
that dynamic equilibrium is observed at the outlet of
the PCB at 0.7 and 0.8 kg/kg coal dust concentrations
(Fig. 3 (b) and 3 (c)), for gas and fractions of sizes
between 10 and 100 um (curves 6, 1, 2, 3 and 4).

Based on different coal dust concentrations in the
air mixture, Fig. 4 displays the gas phase compositions
along the length of the PCB. Carbon dioxide (CO,)
and water vapor (H,O) concentrations within the
PCB are not greater than 14%, whereas oxygen (O,)
and nitrogen (N,) concentrations are similar to those
in the original air.

There are small extremes in concentration
curves at the beginning of the channel (0.2-0.5 m):
0.1% for hydrogen and 0.64% for carbon dioxide.
Similarly, nitrogen monoxide (NO) and atomic
oxygen (O) concentrations are extreme in this area.
There are small extremes in concentration curves at
the beginning of the channel (0.2-0.5 m): 0.1% for
hydrogen and 0.64% for carbon dioxide. Similarly,
nitrogen monoxide (NO) and atomic oxygen (O)
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Fig. 3. Changes in the velocity of coal fractions and the gas phase at coal dust concentrations in the air mixture increase
pu=0.6 (a), 0.7 (b) and 0.8 (c) along the length of the PCB: 1-5 — size fractions of coal particles, g — gas.

concentrations are extreme in this area. Arrhenius’
equation (6) describes the release of coal volatiles,
while the laws of chemical thermodynamics describe
the oxidation of coal volatiles in the gas phase. As
a result, the following are the extreme values of
the specified components at the beginning of the
experiment. There are small extremes in concentration
curves at the beginning of the channel (0.2-0.5 m):
0.1% for hydrogen and 0.64% for carbon dioxide.
Similarly, nitrogen monoxide (NO) and atomic
oxygen (O) concentrations are extreme in this area.
Arrhenius’ equation (6) describes the release of coal
volatiles, while the laws of chemical thermodynamics
describe the oxidation of coal volatiles in the gas
phase. As a result, the following are the extreme
values of the specified components at the beginning
of the experiment (Fig. 4 (a)). Due to the low
temperature at the initial section of the channel (Fig.
1), the oxidation reactions of the released volatiles
may not be completed. A rise in temperature in the
channel causes a subsequent increase in combustible
component concentrations, reaching a maximum of
31.3% at the PCB outlet.

Concentrations of PICS products behave
qualitatively similarly at other concentrations of

the aeromixture (Fig. 4(b) and 4(c)). There is a
complex relationship between the concentrations
of combustible components (CO and H,) along the
length of the PCB.

A range of objectives were pursued in this
experiment, including the ignition of the air-coal
mixture using plasma, the formation of a stable HRTF
torch at the PCB outlet, determining the temperature
and composition of the HRTF torch, and a comparison
between the experimental results and the calculations.
In the case of an 80 kW plasma torch, a stable air-
plasma jet was obtained. There were 1.43 and 1 t/h
of air and coal dust consumed by PCB, or 0.7 kg/kg
of Ekibastuz coal dust in the mixture of air and coal
dust. As a result of these conditions, the HRTF torch
was able to ignite and burn in open air. HRTF torches
burn more efficiently in an organized secondary air
supply than when they are ignited and burned in
an open air environment. In order to determine the
length of the HRTF torch, it is necessary to consider
the length of the PCB, which is 3 m. The torch is
estimated to be approximately 4-5 m in length. As
shown in Table 4, the results of bench studies of
PICS are compared with those of calculation-based
studies. For comparison, the corresponding initial
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Fig. 4. Changes in the composition of the gas phase along the length of the PCB as coal dust concentrations in the air

mixture increase p=0.6 (a), 0.7 (b) and 0.8 (c).
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Table 1. Evaluation of the relationship between experimental and calculated PICS parameters for Ekibastuz coal

1 n Thrrr CO H, CO, N, Method

2 0.7 1450 27.8 9.3 2.2 60.7 Experiment
3 0.6 1487 20.85 10.42 3.64 60.46 Calcualtion
4 0.7 1384 24.5 13.6 2.16 57.2 Calcualtion
5 0.8 1094 16.33 11.6 6.22 61.47 Calcualtion

data, comprised of coal consumption, plasma torch
power, dust concentration in the air-coal mixture,
and PCB geometric parameters, were used for
computation and experiment. Observations indicate
that the HRTF temperature (1455 K) showed a
deviation that does not exceed more than 5% from the
calculated temperature. In the gas phase, combustible
substances (CO + H,) concentration is 37.1%, which
differs from the calculation value of 3%. In the
experiment, H, concentration is 9.3%, while in the
calculation it is 13.6%, resulting in a discrepancy of
46%. There was a change in the concentration of CO,
and N, by 2.2% and 60.7%, respectively, whereas the
calculated concentration of the components was 2.16
and 57.2%, respectively. In the case of CO,, there
is a 2% discrepancy between the computation and
experiment, while in the case of N,, there is a 6%
discrepancy. In terms of the key characteristics of the
PICS process, only 14% difference exists between
computed and experimental values. In comparison
with the experimental results (u=0.7), the remaining
concentrations 0.6 and 0.8 showed a 22 and 56%
difference. Hence, PlasmaKinTherm proves its
suitability for application in engineering calculations
of PCBs, with the mathematical model itself capturing
the fundamental principles of PICS (Table 1).

Based on the results of kinetic modeling of PICS
processes, the optimal concentration of coal dust in
the aeromixture was determined to be pu=0.7. This
value of dust concentration in the aeromixture was
selected using two criteria: achieving the maximum
total concentration of combustible components in the
gas phase at the minimum PICS temperature. As can
be seen from Table 1, the maximum concentration
of combustible components (38.1%) is achieved at
a minimum process temperature of 1384 K and a
coal dust concentration in the aeromixture of 0.7. At
u=0.6, the concentration of combustible components
is 31.27% at a temperature of 1487 K, which is
103 degrees higher than at u=0.7. A higher process
temperature leads to increased specific energy
consumption for PICS and increases the likelihood of
slagging of the plasma-coal burner [14]. At p=0.8, the

concentration of combustible components is lower
and amounts to 27.93% at a temperature of 1094 K.
Thus, for the experiment, the concentration of dust in
the aeromixture was chosen to be u=0.7 kg/kg.

4. Conclusion

With the assistance of the PlasmaKinTherm
program, the kinetic process of PICS in the PCB was
simulated. Through this investigation, it was possible
to identify variations in temperature, velocity, and
concentration of HRTF components along the length
of the PCB. Experimental studies of PICS processes
were subsequently informed by these variations. A
temperature of 1384 K is reached upon exit from the
PCB, and the HRTF contains 38.1% synthesis gas.
As a result, the HRTF ignites successfully.

In order to investigate the feasibility of
using plasma to ignite low-rank Ekibastuz coal,
experiments were conducted. A high-temperature
torch was produced by the plasma-coal burner at its
outlet. It was also determined that the composition of
the HRTF torch was as important as its temperature.

There is a relatively small difference (14%)
between the computed and experimental values
for the main indicators of the PICS process under
the same conditions, whereas other concentrations
of 0.6 and 0.8 showed differences of 22 and
56%, respectively. These results demonstrate the
suitability of PlasmaKinTherm for PCB engineering
calculations, while the mathematical model itself
reflects PICS fundamental principles.

There was an acceptable convergence between
the computed and experimental data in this study.
This makes PlasmaKinTherm a useful tool for PCB
engineering computations.
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MopeaupoBanue W IKCHEPUMEHTHI MO IJIa3MeH-
HOMY BOCIUIAMEHEHHI0 JKHOACTY3CKOI0 yrisi B
BH/E NbLIN
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AHHOTALIUA

bnaromapst HU3K0# CTOMMOCTH YTJId ¥ €70 I0CTYTI-
HOCTH B OOJBIIMHCTBE PETMOHOB MHPA yroJb SIBIIS-
eTCsl yIOOHBIM UCTOYHUKOM ToIrUnBa. HecMoTps Ha
Hed(PPEKTUBHOCTD CUCTEM TIPH MPEOOPa30BAHUH TE-
IUIOBOW DHEPTHH B 3JIEKTPOIHEPTUIO, HEOOXOTUMBI
HOBBIC TEXHOJIOTHH JJIS TOBBIMICHUS UX 3PPEKTHB-
HOCTH. B oTnu4me oT TpaguimoOHHBIX METOJIOB 3aITy-
CKa KOTJIOB M CTaOWIIM3alMM TOPEHHUS IUIa3MEHHOE
BocIIaMeHeHHe U cTabunusanus ropenus (IIBCI)
MBUICYTOJIBHOTO TUIAMEHU TpejuiaraeT 3¢ ¢eKTHB-
HYIO0 U YCTOWYUBYIO albTEPHATHBY HCIIOJIH30BaHUIO
Ma3yTa WM Ta3a. JTa TEXHOJOTHS 3aKJII0YaeTcCs B
HarpeBe a’pocMecH IUIa3MOM BJIEKTPUUYECKON AYyru
JI0 TEX TOp, MMOKA YrOJb HE YICTYYHUTCSI, & KOKCOBBIH
OCTaTOK YAaCTUYHO He rasudunupyercs. B pe3ynbra-
T€ HU3KOCOPTHBII yroib mpeodpa3yercss B BHICOKO-
peaKkImoHHOe ABYXKOMITOHEHTHOE TotiuBo (BPIT),

COCTOSIIEE U3 TOPIOYEro Ta3a U KOKCOBOTO OCTaTKa.
st 3TUX TPOIIECCOB B MIa3MEHHO-YTOJIBHOU TOpe-
ke (ITYT) ¢ ucnonszoBanmemM DKHOACTY3CKOTO YIIIs
B BHUJI€ NMBUTH OBUT MPOBEACH KWHETUYECKUN aHaIu3
¢ ucmosib3oBaHueM mporpamMmbl PlasmaKinTherm.
MopnenupoBanue kunetuku I[IBCIT meuieBugHOrO
TOIUIMBA MO3BOJUJIO ONPENCIUTh U3BMEHEHUS TEMIIC-
paTypbl, CKOPOCTH U KOHIEHTpauu 1o ainune [TYT.
Cocras, cTenenb razuukamnuy yriepojaa u TemMmrepa-
Typa YCTOWYHUBOTO MBUICYTOJHHOTO IUIAMEHU OBLIH
ONpPECIICHbl C MCIOJb30BAHUEM ILJIA3MEHHOI'O BOC-
TUTaMeHeHHs] TBepJoro TorumBa. Ha ocHoBe cpas-
HEHUS J3KCIMEPUMEHTAIBHBIX W PAaCUETHBIX JaHHBIX
YCTAHOBJICHO, YTO PE3YyJIbTAaThl SIBASIOTCS yAOBIIET-
BOPUTEILHBIMU.

Krniouesvie cnosa: HU3KOCOPTHBINA yroiib, IJia3-
MEHHOE 3a)KUTaHWe, CTaOWIN3alus TOPEHHS, BbI-
COKOPCAKTUBHOE  JBYXKOMIIOHEHTHOE  TOILIUBO,
IJIa3MEHHO-YTOJIbHAs TOPEeNiKa, KHHETHYECKOE MO/JIe-
JTUPOBaHHE, YKCIIEPUMEHT

ExkifacTy3 keMmipiHiH maH TypiHae miasMajibIK
TYTaHybl 00MBIHIIA MOJeJIbACY KIHE TIKipuodeaep

M.H. Opsiabacap!, B.E. Meccepne!?, A.b. Ycrumenko!

lan-Mapabu areinaarsl Kasak yiTTeik yHEBepcuTeTi, ann-Dapadu
naHrbUIbl, 71, Anmatsel, Kazakcran

“Xany npobiemanapbl HHCTUTYTHI, berenbait 6areip k-ci, 172,
Anmartser, Kazakcran

AHHOTANMUA

KemipaiH TeMeH KYHBIHA OHE OHBIH OJICMHIH
KONTereH alMakTapblHAa OONyblHAa OaiJIaHBICTHI
KOMIp KOJIaiibl OTIH K31 00Jibin Tadbutanbl. JKbl1y
SHEPTHUACHIH DJIIEKTP DHEPTUsChIHA  aWHAIIBIPY
KYHesnepiHiH THIMCI3IiriHe KapamacTaH, OJapAblH
TUIMAIUTICIH apTTBIPY VIOIH >KaHa TEXHOJOTHsUIap
KakeT. JlocTypimi Ka3aHABIKTBI ICKE KOCY JKOHE JKa-
HYJbl TYPaKTaHIBIPY 9iCTepiHEH albIPMAIIBIIBIFBL,
YHTaKTaJIFaH KOMip KaJlbIHBIHBIH IJ1a3MalbIK TYTaHy
xoHe >kanynbl TypakTanasipy (ITTXKT) masyt neme-
ce Ta3abl MaimalanyJaH THIMII KOHE TYPAKTHI 0a-
JaMachIH YChIHAIHL. byJ TexHomorus aya KOCHachlH
9NEKTp AOFajbl TIa3MaMeH KeMip OyllaHBIN, KOKC
KaJABIFBl ilIiHapa Ta3laHfaHIla KeI3AbIpyaaH Typa-
Ibl. OCBIHBIH HOTHIKECIHIICE TOMEH CYPBITITHI KOMIp
JKQHFBIII Ta3 MEH KOKC KalJbIKTapblHaH TYPaTHIH
JKOFapbl peakTUBTI eKki koMnoHeHTTi oTeiHFa (JKPEO)
aiHanaznpl. Exibacty3 keMipiH maH TypiHIe maiina-
JAHATHIH TUIa3MalbIK KeMip oTTeIFeIHAA (ITKO) ochr
npouectep yiriH PlasmaKinTherm Oarmapiamacsr
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apKBUIBI KUHETHKANBIK Tanmmay sxyprizimmi. TTTXT
YHTaKTaJIFaH OTHIHHBIH KHHETHKACBIH MOJICIIBIICY
[TXT y3pmHabiFel  OOiBIHIIA TeMIEpaTypaHBIH,
KBUTIAMABIKTHIH KoHEe KOHIEHTPAIVSHBIH ©3TepyiH
aHBIKTayFa MYMKiHAIK Oepmai. TypakTel YHTAK KoMip
JKaIBIHBIHBIH KYPaMBbl, Ta3[aHy Jopeikeci )KOHE TeM-
nepaTypachl KaTThl OTBIHHBIH IUTa3MajblK TYTaHYBI
apKbUIbl aHBIKTAIIBI. DKCIIEPUMEHTTIK JKOHE €CeTl-
TENTEH MOJIIMETTEP Il CATBICTRIPY HETI31HIE HOTIKE-
JIEpIiH KaHaFaTTaHAPJIBIK C€KCHI aHBIKTAJIJIBI.

Tytiin co30ep: TOMEH pa3psATHl KeMip, Iia3Ma-
JBIK TYTaHY, )KaHyAbl TYPAKTaHABIPY, )KOFAphl peaK-
THBTI €Ki KOMIIOHEHTT1 OTHIH, IIa3MaJIbIK KOMIp OT-
TBHIFbI, KHHETUKAJBIK MOJIETBACY, TOKIpUOE



