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Abstract

Coal is the fuel most able to cover world deficiencies in oil and natural gas. This motivates the development
of new and more effective technologies for coal conversion into other fuels. Such technologies are focused
on coal gasification with production of syngas or gaseous hydrocarbon fuels, as well as on direct coal
liquefaction with production of liquid fuels. The benefits of plasma application in these technologies is based
on the high selectivity of the plasma chemical processes, the high efficiency of conversion of different types
of coal including those of low quality, relative simplicity of the process control, and significant reduction in
the production of ashes, sulphur, and nitrogen oxides. In the coal gasifier, two-phase turbulent flow is coupled
with heating and evaporation of coal particles, devolatilization of volatile material, the char combustion
(heterogeneous/porous oxidation) or gasification, the gas phase reaction/oxidation (homogeneous oxidation)
of gaseous products from coal particles. The present work reviews literature data concerning reaction kinetic
modelling in coal gasification. Current state of related kinetic models for heterogeneous/homogeneous

oxidation of coal particles, included plasma assisted, is reviewed.

Introduction

The new electric power (electricity) generation
concepts, such as co-firing or combined gasification
gas turbines (IGCC plant) help reduce the depen-
dency on fossil fuels and decrease CO, emissions.
Gasification (partial combustion, reforming) is the
cleanest, most flexible and reliable way of utiliz-
ing fossil fuels. It can convert waste into high-value
products, such as substitute natural gas, transport fu-
els, etc. New, more effective coal gasification tech-
nologies are required in order to ensure the highest
acceptable range in the variation of fuel composi-
tion and conditions and therefore a higher efficiency
of the process. Plasma-assisted gasification can be
considered one of possibilities to accelerate and op-
timize coal gasification [1, 2]. Its main advantages
are high selectivity, possibility to produce different
types of materials and of full automation, reduced
emissions of CO,, nitrogen and sulfur oxides and
soot. The study of coal gasification applying ther-
mal and non-equilibrium plasma was started at the
beginning of the 1960’s. Extensive, mostly experi-
mental data has been collected which allows to de-
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termine the main properties of the processes and de-
velop a number of acetylene and syngas production
units. Considerably less research is devoted to de-
tailed modelling of chemical and physical process-
es of plasma-assisted gasification. In coal gasifier,
two-phase turbulent flow is accompanied by heating
and evaporation of coal particles, devolatilization
of volatile material, combustion of char (hetero-
geneous/porous oxidation) or gasification, the gas
phase reaction/oxidation (homogeneous oxidation)
of gaseous products from coal particles. The pres-
ent work reviews literature data concerning reaction
kinetic models used in coal gasification modeling.

Physico-Chemical Processes in Gasifiers

Chemical structure and composition of coal are
dependent on coal rank or metamorphism. That is de-
termined with age of coal and can be presented with
such sequence: lignum fossile (peat) < brown (pitch)
coal < flame coal (candelit) < gas-flame coal < gas-
coal < fat coal < smithing coal < green (lean) coal
< anthracite coal. Generally, coal is a 3D polymer
with non-regular structure but with repeating frag-
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2 Chemical Kinetic Modeling in Coal Gasification Processes: an Overview

ments, which can be selected as “coal molecules”
[3, 4], see Fig. 1. These are composed of an aro-
matic centre and aliphatic periphery. Main atoms in
such molecules are C, H, O, S, N. In dependence of
type, place of digging, etc. coal can contain the dif-
ferent inclusions mostly H,0, Si, Al, Fe, Ca, Mg, Ti,
different tars, etc. The weight of “coal molecules”,
the content of atoms C and number of saturated aro-
matic rings in it increase with coal rank. The number
of H and O atoms decreases with age of coal [4].

Fig. 1. Models of “coal molecules” [3].

Coal gasification, Fig. 2 [5], is conducted through
particle heating accompanied by evaporation of vol-
atile material and coal pyrolysis; heterogeneous/po-
rous reactions between coal particle and gas phase
environment; chemical reactions in the gas phase
(homogeneous oxidation) between gaseous products
from coal gasification/oxidation; mostly heteroge-
neous reaction of char, produced from coal particles
during devolatilization, with gaseous products. The
main gaseous products in gasifier are O,, CO, CO,,

H,O, H, and CH,. All described processes are ac-
companied by two-phase turbulent flow. A complete
description of coal gasification is not possible, due
to the complexity of physical and chemical pro-
cesses interacting. However, based on experiments
and simplified chemical mechanisms, this process
can be divided into several sub-models, which can
be studied separately. Chemical modelling becomes
even more complicated in plasma-assisted coal gas-
ification. The processes, which can be affected by
plasma, are shown in Fig. 2.
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Fig. 2. Principal schemeof physical and chemical processes
by coal gasification to be modeled (used design of [5]).

Coal reactivity is affected by different variables:
coal rank, thermal history of the char (pyrolysis),
pore structure, chemical structure of coal, reactive
gases concentration, pressure, sample size [6-14].
The interplay among the transport and chemical
reaction mechanisms determines whether burning
rates are governed by the chemical kinetics, internal
pore diffusion, or external film diffusion [10]. Un-
der typical pulverized fuel (p.f.) firing conditions,
this intrinsic formulation quickly shifts from chemi-
cal kinetics regime during the ignition stage to the
external film diffusion regime during quasi-steady
combustion at the hottest particle temperatures. As
the particle burns, the core of remaining combus-
tible material shrinks, so the burning regime can
shift back into chemical kinetics controlling regime,
in which O, completely penetrates the internal pore
structure and both external film and intraparticle dif-
fusion resistances are negligible [10].

Processes of coal devolatilization and gasifica-
tion of carbon have been discussed widely in the
literature for many years. Different CFD tools were
developed to model the turbulent flow in different
types of coal gasifiers: KIVA COAL & KIVA Il nu-
merical approach [15] for modeling of devolatiliza-

Eurasian Chemico-Technological Journal 15 (2013) 1-18



Slavinskaya N.A. et al. 3

tion of coal particles, char and volatile combustion;
MBED-1 [16] proved one-dimensional model for
countercurrent oxidation and gasification of coal in
fixed or slowly moving beds. The model incorpo-
rates an advanced devolatilization sub-model that
can predict the evolution rates and the yields of in-
dividual gas species and tar; Cinar ICE Code [17]
was designed to provide computational solutions of
industrial problems, especially those related to two-
phase combustion; G. Liu et al. [18] developed an
approach to predict a particle structure parameter
used in the random pore model; L. Yang [7] mathe-
matical models on the underground coal gasification
are established according to their storage conditions
and features of gas production process; TERRA[19]
is the computation of multi-component heteroge-
neous systems with own database of thermo-chem-
ical properties for > 3.500 chemical agents over a
temperature interval 300-6000 K; Piffaretti S. et al.
[20] proposed CFD model for aerodynamics within
the boiler based on chemical processes described
with EDM - Eddy Dissipation Model, PPDF — Pre-
sumed Probability Density Function Model, EDM
+ PPDF - rate determined as the slower of the two
models, Fig. 3; in project [5] for coal gasification
numerical code FLUENT with RESORT (Revolu-
tionary Software Orchestrated Reactions in Turbu-
lent Flow) application was used. An entrained-flow
gasification CFD simulators are capable to analyse
flow, reaction, and heat transmission at the same
time calculate temperature, particle rate distribution,
ash adhesion locations, gas composition, etc. within
a gasifier if given as input data such parameters as
reactor shapes, operation conditions, coal property
and reaction data. Carbon Burnout Kinetics (CBK)
is a kinetics package that describes char conversion
under conditions relevant to pulverized fuel pro-
cesses. It was developed by Prof. Robert Hurt both
at Sandia National Laboratories, Livermore, and
currently, at Brown University [9, 10]. The version
CBKI/E [9] is specially designed for carbon burn-
out applications, treats the stages of char combus-
tion in detail, includes all the same transport-related
and annealing mechanisms, including single-film
char combustion, intraparticle reaction/diffusion,
thermal annealing, and ash inhibition. The further
expanded version of CBK for char gasification is
called CBK/G [10]. It predicts the rate of gasifica-
tion, the char particle temperature, and the changes
in the particle diameter and density as gasification
proceeds, given a gas temperature, radiative ex-
change temperature, and partial pressures of the
gasification agents.

Computer models for coal gasification design re-
quire easily integrated numerical sub-models, which

describe the chemical processes inside and outside
particles, in surrounding gas phase and also inter-
action between heterogeneous and homogeneous
chemistry. At present it is not possible to model the
entire process using all fundamental steps, because
of insufficient kinetic data. Sub-models mostly used
include three reaction sets: reactions describing
devolatilization of coal particle, heterogeneous re-
actions of char, and reactions in gas phase (not al-
ways). As the vapour mass flow of volatile products
is rather intensive the heterogeneous reactions of
coal particle with surrounding environment (air, O,,
CO,, H,0, H,) can be assumed negligible. Mostly
global reaction schemes (intrinsic kinetics, not influ-
enced by transport processes), i.e. reaction mecha-
nisms with minimal sets of intermediate species and
with reaction steps, which can be a combination of
several elementar chemical reactions, are used in all
cited tools. The stoihiometric coefficients and pa-
rameters for reaction rates are empirical and derived
from the coal gasification experiments.

NO €9 Volates | NOx model

|
PPDF |

02

Char&
Volatiles

co > €02
EDM+ PPDF

Fig. 3. Reaction pass model used in [20]. EDM - Eddy
Dissipation Model, PPDF — Presumed Probability Density

Function Model, EDM + PPDF - rate determined as the
slower of the two models.

The analysis of most simple models of the char
gasification (homogeneous models, and unreacted
core models), which do not consider coal structural
changes during process and any chemical reactions,
can be found in [21]. These models do not distin-
guish the heterogeneous or homogenous reactions
describing coal gasification with empirical overall
reaction constants. They are preferred if the main in-
tention for studying coal reactivity is just to describe
the relation between time and conversion.

Simpleglobal reaction sets of the carbon heteroge-
neousreactionscanbefoundin[21-26]. Themostcom-
mon reactions used for coal gasification modeling are
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C+CO,= 2CO
C+H,0=CO+H,
C+2H,0=C0O; + 2H,
C+2H,=CH,

The sub sets from 8 global reactions was used in
[5] for simulation of devolatilization, heterogeneous
and gas phase (heterogeneous) reactions, Table 1.

Reaction R1 has the first order, n = 1, the reac-
tion order of R5 and reaction rates R1-R8 have been
obtained from approximation of experimental data.

Table 1
Chemical sub-system used in [5].
FC-fixed carbon. VM-volatile molecule

Devolatilization

Coal »VM (C,H,O.N,S,) + FC+ASH | R1
Heterogeneous reactions (Char reactions)
FC+0.50,—CO R2
FC+CO,—2CO R3
FC + H,0 — CO + H;, R4

Homogeneous reactions
VM(C.H,0.N,S) + pO, — qCO+rH,+sH,+tH,S | R5

CO+050,— CO, R6
H,+0.50,— H,0 R7
C3H8+502—>3C02+4H20 R8

The chemical scheme [27] used in numerical
tool [19] for plasma assisted gasification, Table 2,
consists of 51 chemical reactions and 25 chemical
species, which developed to describe 3 different ki-
netic processes. The first 1-6 reactions describe the
initialisation stage of coal conversion and devola-
tilisation. The second set, reactions 7-9 represent the
carbon gasification and combustion.

Finally, the third sub mechanism contents the
radical reactions of volatiles and gasification prod-
ucts with their further transformations. This model
does not include specific plasma chemical reactions:
the electric arc plasma was considered only as an in-
ternal heat source with a preset temperature profile.

In the work [13] the major features of Kinetic
models for low temperature coal oxidation are sum-
marized. In [13] coal is assumed to oxidize at fa-
voured sites on a pore’s surface, that is, the co-called
active sites. Two types of active site are assumed to
responsible for the interaction between coal and ox-
ygen molecules: type 1 for the active sites involved
in burn-off reactions and type 2 for the sorption re-
action sequence. Then, the direct burn-off reaction
IS written as:

CSl + 02 — U1C02 + V]_CO
+ w; other species, k; , @

where Cg, is the concentration of active sites of type
1, parameters uy, v, and w;, are stoichiometric coef-
ficients, which are necessary determined by experi-
ment. Reaction (1) simplifies a few reaction steps,
which may include rapid interaction between the ac-
tive sites and O, and fast desorption of the gaseous
products.

Table 2
Fragment of the reaction mechanism [27] used in [19].
Coefficient of reaction rate is k; = A*exp (-E/R*T)*T,
R = 1,987*10° (kcal*mole'*degree?), the units of
preexponential factor A, are: for first order reactions
(n = 1) - (sec?), for second order reactions — n = 2
[10°m**mole’*sec?], activation energy E,— kcal*mole?

# LgA B E, Reaction

1. | 1820 | 0.0 | 88.8 Hxr=H,

2. ] 1390 | 0.0 | 514 H,0.=H,0

3.1 1230 | 0.0 | 44.4 CO,=CO

4. | 11.30 | 0.0 | 32.6 CO,=CO,

5. ] 1420 | 0.0 | 51.6 CH,=CH,

6. | 11.90 | 0.0 | 374 CeHer=CsHs

7.1 520 | 0.0 | 29.0 C;+H,0=CO+H,
8. | 530 | 0.0 | 43.0 C; +C0O,=CO+CO
9. | 570 | 0.0 | 38.0 C: +0,=CO,

10. | 11.10 | 0.0 | 11.9 CH,+H=CH;+H,
11.| 5.00 |3.08| 2.0 CH,+OH=CH;+H,0
12.| 1420 | 0.0 | 884 CH,#M=CH;+H+M
13.| 1020 | 0.0 | 9.2 CH,+0O=CH;+OH
14.| 9.80 | 0.0 | 248 CH;+H,0=CH,+OH
15.| 970 | 00 | 114 CH;+H,=CH,+H
16. | 13.30 | 0.0 | 91.6 CH;+M=CH,+H+M
17.| 10.70 | 0.0 | 29.0 CH;+0,=CH,0+0
18.| 960 | 0.0 | 0.0 CH;+OH=CH,0+H,
19.| 11.10 | 0.0 | 2.0 CH;+0=CH,0+H
20. | 10.70 | 0.0 | 21.0 | CH;0+M=CH,O0+H+M

For further simplifications, the reactions in the
adsorption sequence are reduced to the single over-
all step:

Cs + O, — UpXpy + VpXp, + W,CO,
+m in reactive compounds, k , )

where Xp;, Xp, denote two types of oxygenated
complex, that is, carboxyl and carbonyl species.

The reaction of thermal decomposition of the ox-
ide complexes

Xpy — CO, + regenerated Cs,, k3 3)
Xpy — CO, + regenerated d Cg,, ki 4)
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From (1)-(4) the rate expressions for the O, con-
sumption and the production of carbon oxides can
be determined. By fitting of these rate expressions to
experimental data the coefficients of reaction rates,
ki, ky, ks, k4, and stoichiometric coefficients for reac-
tions (1)-(4) can be obtained.

The seven steps semi — global mechanism for
char oxidation and gasification has been used in
excellent studies [9, 10] at CBK modelling. This
model is based on the work [12] and has such final
reactions for steam and CO, gasification:

Combustion
2C+0,—»C(0)+CO (5)
C+C(0)+0,—C(0)+CO, (6)
C(0)—CO (7)
Gasification
2C+C0O,—C(0)+CO ()]
2C+0,—C(0)+CO 9)
C+H,0 - C(O) +H, (10)
C+2H,—>CH,+H, (12)

where C(O) denots the oxide complex on the carbon
surface. Reactions (5) - (7) represent the burn-off
and chemisorption reactions at the active sites, in-
teraction of gaseous oxygen and surface oxygenated
complex, and decomposition of the surface oxygen-
ated complexes. The gasification reactions (8)-(11)
are heterogeneous reactions of carbon with gas phase
species CO,, O,, H,0 and H,top form gas phase
species and the oxide complexes. The gas phase
reactions are not considered in [9, 10] - transport
mechanism balances the consumption of reactant
gases. Order of reactions, rate constants have been
determined from analysis of experimental data for
different stages of the coal gasification and from the
fine tuning against the entire database. Applied as-
sumption and simplification can be found in [9, 10].

O
=18 =22 =28

The main problems of heterogeneous global
modeling can be recognized in studies [9, 10, 12,
13]. More detailed kinetic models for the char com-
bustion and gasification cam be found in [14, 28-
30].

In work [28] in order to describe coal pyrolysis,
in “coal molecules”, like shown on Fig. 1, were se-
lected 10 functional groups HOH, O-0O, OH, CO,
COO, CHH, CH,, CH,, CH,, and CH,, which re-
act with surrounding environment to produced CO,
CO,, H, H,0, CH,, C,H¢ (CH,),, tar and soot. Em-
pirical parameters are used for reaction rates.

In [29] the entire course of carbon gasification,
from 0 to 100% conversion, was simulated for the
first time using molecular orbital theory, Fig. 4a.
This method could simulate the following common-
ly observed features in actual gasification: (1) gas-
ification starts at edge carbon atoms; (2) zigzag sites
are more reactive than armchair sites; (3) specific
rate increases monotonically with conversion. Fur-
thermore, this simulation predicted that the specific
rate depends on crystallite size, but is insensitive to
crystallite shape.

Many authors [14, 30-36] consider the direct
reactions between the active oxygen surfaces com-
plexes and the gas phase molecules as the central
point of the oxygen - char reaction. Chen et al. [30]
suggested the more detailed main heterogeneous
reaction paths with oxygenated complexes for ox-
ygen, Fig. 4b, carbon dioxide, steam and hydro-
gen gasification. One of the most detailed reaction
mechanisms for heterogeneous char oxidation with
CO and CO, production is establish in [14]. In this
work all free-surface active carbon sites is deviated
in two groups: prisms-sites (Prismaflache), which
lay on the boundary of single grapheme layer in
the graphite structure, and basis sites (Basisflache),
which lay inside grapheme layer, Fig. 5.

Semiquinone Reaction Scheme
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o +2CC

b

Fig. 4. Models of heterogeneous coal conversion: a) from [29] and b) from [30].
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Fig. 5. Scheme of active sites used in [14].

To describe the basic mechanism (reaction with
0,) following surface complexes have been intro-
duced in [14]:

* free-surface sites: prisms-sites (se), basis sites
(sb)
semiquinone O (se)
carbonyl CO (se)
lactone CO, (se)
basis site complex O (sb)
off-plane complex OT (s)
intermediate species IOM (s)

A graphic representation of the surface complex-
es is shown on the Fig. 6. The detailed analysis of
reaction mechanism developed for these complexes,
Table 3, can be found in [14]. Last three reactions in
Table 3 describe the gas phase reactions of produced
CO. Reaction rates parameters have been obtained
from literature experimental and theoretical data,
where possible, or evaluated from thermo chemical
properties. Main conclusion following from mecha-
nism:

« dissociative chemisorption of O, takes place

both at the prisms-sites and at the basis-sites of

surface;

« gasification (the formation of carbon monox-

ide) applies only to prisms-sites;

* there is the surface diffusion of the adsorbed

oxygen atoms from basis-sites to prisms sites on

the particle surface;

« the chemisorption of oxygen on the basis-sites

leads to the formation of off-plane complexes;

« the off-plane oxygen atoms weaknesses the ad-

jacent C-C bonds.

Numerical simulations of the burnout rate and
concentrations of CO and CO, performed with this
mechanism are in good agreement with experimen-
tal data.

Mitchell at al. [37] has compiled an elementary
adsorption-desorption surface reaction mechanism
involving 16 species in 18 elementary reactions.

OIM(s)

Fig. 6. Scheme of surface complexes used in [14].

This mechanism includes not only oxygen active
surface complexes, but also C’(H), C’(OH) and
C’(H0,). Coefficients of reaction rates have been ad-
opted from literature.

The overall oxidation process of carbon includes
chemical reactions and transport within the pore
structure [38-39]. Because a theoretical model of
the combustion of a porous carbon particle has to
include the kinetics of the chemical reactions of car-
bon with oxygen as an essential part of the model,
and the kinetics of this reaction are not sufficient-
ly known at this time, no model of porous carbon
combustion exists that describes all features of this
process. Only a handful of investigations have con-
sidered full transport and reaction within the pores,
however with highly simplified heterogeneous and
homogeneous kinetic models [40-43]. The devel-
oped in [40] model for the combustion of a porous
carbon particle considers the equations of heat and
mass transfer, both in the gas phase around the par-
ticle and inside the pores.

Four chemical reactions have been considered:

C+ 02 — C02
2C+0, — 2CO
C+CO, — 2CO
2CO + 0, = 2CO,

The first three reactions are heterogeneous and
can take place either inside a porous particle or at
the particle’s surface. The last reaction is homoge-
neous and can occur both in the gas phase near a
particle and inside the porous particle. The kinetics
of the homogeneous chemical reaction has been ad-
opted from the literature. Two regimes of particle
combustion have been analyzed: 1) the regime when
carbon reacts with oxygen in the all volume of the
particle, and 2) the regime with carbon reacting with

Eurasian Chemico-Technological Journal 15 (2013) 1-18
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oxygen in a layer at the particle’s exterior. Both car-
bon monoxide and carbon dioxide can be formed in
the first regime, but carbon monoxide can only be
formed in the second regime.

A general mathematical formulation and a nu-
merical solution approach are developed in [43] to
model the oxidation of an isolated porous carbon
particle in a quiescent atmosphere under quasi-
steady conditions Fig. 7. The gas-phase reaction
mechanism proposed by Yetter et al. [44], consisting
of 12 species in 28 elementary reactions, was used
for modelling CO oxidation. The surface reaction
mechanism of Makino et al. [45] for porous carbon
was employed first to obtain an initial approximate

solution of the gas-phase flame structure. With this
initial solution of the gas-phase, the heterogeneous
reactions were described with the semi - global sur-
face reaction mechanism of Bradley et al. [46] for
non-porous carbon. It should be pointed out that the
detailed gas-phase reactions were applied not only
to the reactions outside the particle, but also the gas-
eous reactions within the pore structure. The exis-
tence of limiting combustion regime as a function
of particle size, porosity, and ambient oxygen mole
fraction is explored based on the model developed.
Comparison of the predicted particle mass burning
rate and surface temperature with recent experi-
ments are in reasonable sufficient agreement.

Table 3
The reaction model developed in [14]. Coefficient of reaction rate is k; = A*exp (-E/R*T)*T#, the units of preexponential
factor 4;are: [cm, mol, sec], activation energy E,—kJ/mole. E;' = (28 + 146@), E.*>= (358 - 11460 ),
E.2= (9 + 2800,), O is the fraction of surface area, occupied with (se)

# Reaction A B Ea
1. O, +2(se) — 20 (se) 3.1E16 1 E.l
2. 20 (se) — 2 (se) 3.7E21 0| 602
3. O (se) — CO + (se) 2.5 E15 0 ES2
4. CO + (se) — O (se) 8.3 EO7 0| 162
5. O, + 4 (sh) — 20 (sh) 4.3 E35 1 116
6. 20 (sh) — O, + 4 (sh) 6.0 E19 0| 322
7. 2 0 (se) + 2 (sh) — OIM 5.0 E38 0 0
8. OIM (s) — 20 (se) + 2 (sh) 1.0 E13 0| 100
9. O,+ OIM (s) + 2 (sb) — OT (s) + O (sh) 4.4 E25 1 20
10. OT (s) + O (sh) — 0, + OIM (s) + 2 (sh) 3.7E21 0| 107
11. OT (s) - 2 CO + 2 (sh) + (se) + CO( se) 1.0 E16 0| 266
12. | 2CO+CO(se) +(se) +2(sh) | — OT (s) 1.0 E20 0| 100
13. O (sh) + (se) — O (se) + 2 (sh) 6.0 E19 2 46
14. O (se) + 2 (sh) — O (sh) + (se) 1.4 E30 0 373
15. CO + (se) — CO (se) 6.0 EO7 0 59
16. CO (se) — CO + (se) 1.0 E16 0| 145
17. O + (se) — O (se) S0 1.0

18. O (se) — O + (se) 1.0 E13 0| 500
19. O +2(sh) — O (sh) S 1.0

20. O (sh) — O +2(sh) 1.0 E13 0| 103
21. CO, (se) — CO (se) + O (se) 1.0 E16 0| 267
22. CO (se) + O (se) — CO; (se) 3.7E21 0 1
23. CO, (se) + 2 (se) — CO, (se) 3.1 E16 0 E.Z
24. CO; (se) — CO, (se) + 2 (se) 1.0 E16 0 | 468
25. O (se) + O (sh) — CO, + (se) + 2 (sh) 4.8 E20 0| 122
26. CO, + (se) + 2 (sh) — O (se) + O (sh) 1.1 E25 1| 163
27. CO+0+WM’ — CO,+ M’ 7.1 E13 0 19
28. CO+0, - CO,+0 2.5 E12 0| 200
29. C+0, - CO+0 5.0 E13 0 0
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Gas-Phase
Flame

Surface Reactions

Fig. 7. llustration to modeling the oxidation of an isolated
porous carbon particle in [43].

The next critical point in coal gasification is re-
actions in surrounding gas. The gas phase chemical
kinetics compared to heterogeneous one is based
on the comprehensive well validated thermo ki-
netic properties and is well established especially
for small hydrocarbons [47-49]. There are among
of reaction mechanisms, which allow successfully
modeling of the hydrocarbon oxidation with forma-
tion of polycyclic aromatic hydrocarbons (PAHS).
The possible PAH formation in coal combustion is
demonstrated, for example, in measurements [50].
The PAH measurements were performed at different
ambient atmosphere, air temperatures and oxygen
concentration. It has been shown that the maximum
PAH production appeared at 600 °C for pyrolysis
and at 800 °C for combustion conditions. With in-
creasing oxygen concentration, PAH formation from
coal combustion decreased significantly. By a coal
pyrolysis and acetylene production, in systems with
reach content of C,H,, C,H, and benzol molecules,
the formation of PAHs and soot is the integral part
of the kinetic modeling.

Obviously, despite of notable results obtained in
the coal surface reaction modeling, the development
of elementary surface reaction models is in primi-
tive stages when compared with counterpart homo-
geneous reaction models. Considerable uncertain-
ties still exist on the reported kinetic data.

Recently, the sectional modeling approach is
used to describe the coal decomposition processes
[51-53]. This approach is a reasonable compromise
between accuracy and detail of the obtained results
and computational efforts, in terms of number of
reference species and lumped reactions. The sec-
tional method divides for example the particle mass
range into classes of species and describes the par-
ticulate decomposition/formation with partially par-
allel processes, Fig. 8 [53].

A multi-step kinetic model of coal devolatiliza-
tion proposed in starts from the idea, that coal is

rside + prmary g

e E e iy
I ) iermellereI0Ue  prmiy gas

"
(o A Co
L, et e iyl kﬁ) resdue + secondary g

b

residue + pimary s

Fig. 8. Main steps of sectional model describing the par-
tially parallel processes at the coal pyrolysis [53].

constituted by several chemical species evolving in-
dependently, according to different kinetics.

The coal devolatilization model discussed in
work [53] simply refers to the elemental analysis of
the coal, in the usual form C, H, O, S, N and ashes.
Composition of several coals of practical interest
has been investigated in systematized relatively the
content of main components, Fig. 9. The C/H plot
of Fig. 9 is thus divided in three triangles, and each
coal lies inside one of them. Any individual coal is
then considered as a simple linear combination of
the three closest reference coals, and its devolatil-
ization is assumed a straightforward weighted com-
bination of the pyrolysis of the reference coals. On
this way, all the coals investigated in [53], Fig. 9,
have been included in a triangle whose vertexes are
pure carbon (CHARC), and two reference coals: a
lignite with high oxygen content (COAL_3) and
a reference coal without oxygen and particularly
rich in hydrogen (COAL_1). A third reference coal
(COAL_2) has been selected in the middle of in this
triangle, close to a great number of bituminous coals.

8.0
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Fig. 9. Composition of investigated coals and reference
coal component [53].
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These reference coals have been described by
three lumped or equivalent monomer structures
which stand for reference configurations, saving the
elemental C/H/O composition. Figure 10 sketches
the average structures of the reference monomers
which represents COAL_1 (-C_H,-), COAL_2
(-C,H,0-) and COAL_3 (-C_H,,0.-), respec-
tively. COAL_1 was indeed considered as a 50/50
mol mixture of (-CH, -) and (-CH,-).

A multi-step devolatilization mechanism has
been developed to describe the pyrolysis of these
reference coals.

The complete reaction scheme, with lumped
stoichiometries and all the kinetic parameters, is re-
ported in Table 4 (units are: cal, mol, I, s,). Initially
the coal forms a metaplastic phase, then, with dif-
ferent mechanisms at low and high temperatures,
gas and tar species are released. The novelty of
this kinetic model lies in its predictive approach,
without tuning activity of rate parameters and/or

stoichiometry for the different coals. Of course, the
detail of intermediate species, as well as the number
of reference coals, can be modified according to the
purpose of the devolatilization model.

R

|

(1) -
CH, e O

CH, OCH,

R O

R CH,

Coal_1 Coal_2 Coal 3
(-CoHyr-) (-C1aHy00-) (-CHi05-)

Fig. 10. Reference coals and reference monomer struc-
tures [53].

Table 4
Multi-step-kinetic model of coal devolatilization [53]
A Earr®
COAL,(-CioH;2-)
1. |COAL,;—5CHAR,+ .1CHAR, + 2H, + .9CH, + 1C",5 2.0x108 40.000
2. |COAL; — TAR/ 1.0x108 40.000
3. |COAL, —» 5CHAR +.25CHAR. +.5H, +.75CH, + 1C, 1.0x10% 75.000
4. |COAL, » TAR/ 1.0x10% 75.000
5 |TAR, — TAR, 2.5x10% 50.000
6. |TAR,+ CHAR, — 5.3CHAR,, + 3CHAR. + 2.55H, + .4CH, 2.5x107 32.500
7. |TAR, + CHAR. — 4.3CHAR, + 4ACHAR( + 2.55H, + .4CH, 2.5x107 32.500
COAL, (-Cy4H,,0-)

8. |COAL; — 2CHAR + 3.94CHAR,, + .25COAL, + .04BTX" + .31CH," + .11C",5 + 6.0x10% 36.000

+.11{COH,}" + .15CO," + .41H,0" + .18CO" + .265H,
9. |COAL, — 0.61CHAR. + 4.33CHAR,, + .21COAL, + 16BTX" + .27CH, + 7CO + 4.0x10% 63.000

+.1H,0 + .2 {COH,}" + .28H,
10. |COAL,— TAR, 5.0x10% 36.000
11. |COAL, — TAR, 4.0x10v 63.000
12. | TAR," —» TAR, 2.4x10° 39.000
13. |TAR;"+ CHAR, — 1.5CHAR. + 7TCHAR, + 1H,0" + .5CH, 4.5x10° 30.000

COAL,(-Cy,H;,05-)

14. |COAL; — 2.73CHAR + 1.8CHAR;, + .22COAL  + .08BTX" + .20,- C + 2.0x10%w 33.000

+.1CH, + .11C",5 +.2H,0" + 6(COH,)" +2.2H,0" + .1CO, + 4CO," + 1CO"
15. |COAL;— COAL;" 5.0x10% 61.000
16. | COAL,—1.5CHARy +.82CHAR, + 2.08CO + .250,-C +.14CH, + .7Cy5 + 1.2x108 30.000

+.5C0O, + .47{COH_}" + .16BTX" +.25COAL, + 1.2H,0 + .29H,
17. |COAL; — TAR;" + CO," + H,0 1.6x10° 33.000
18. |COAL; — TAR; + CO, + H,0 2.0x10% 61.000
19. |TAR;" + TAR; 5.0x10° 32.500
20. |TAR;" CHAR,, — 4CHAR, + 2.5CHAR + .2CH," + 2 {COH,}" + .8H, + .3C;5 1.4x108 30.000

ak = A exp (-Eart/RT) (units are cal, mol, I, K, and s)
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Plasma-Assisted Coal Gasification

Plasma particles are not long-living ions, radi-
cals and exited molecules, therefore the quasi-state
assumption cannot be applied if we want to inves-
tigate the intrinsic plasma chemistry reactions. To
decouple the physical and chemical effects and to
investigate the influence of plasma particles on the
process, more detailed char surface reaction models
are required.

Plasma is a partially or wholly ionized quasi-
neutral gas, in which a system contains free positive
(ions) and negative (electrons and, rarely, ions) par-
ticles so that their concentrations on the whole are
practically equal. The source of plasma is usually
gas discharge, i.e. plasma is an ionized gas result-
ing from an electrical discharge. For simplicity, an
electric discharge can be viewed as two electrodes
inserted into a glass tube and connected to a power
supply. Thermal arcs usually carry large currents,
greater than 1 A at voltages in the order of tens of
volts. Furthermore, they release large amounts of
thermal energy at very high temperatures often ex-
ceeding 10.000 K. The arcs are often combined with
a gas flow to form high-temperature plasma jets.

The basic theoretical principles, overviews de-
voted to plasma experimental and numerical stud-
ies, and plasma practical applications can be found
in [54-77].

Temperature is important characteristic of plas-
ma, which determines the type of plasma and con-
sequently the basic properties of plasma gas. In the
literature one can meet the terms “high temperature
plasma”, plasma with the temperature of heavy par-
ticles T > 10° K and “low temperature plasma” with
T <10° K [55]. Temperature in plasma is determined
by the average energies of the plasma particles (neu-
tral and charged) and their relevant degrees of free-
dom (translational, rotational, vibrational, and those
related to electronic excitation). Thus, plasmas, as
multi-component systems, are able to exhibit multi-
ple temperatures and non-equlibrium velocity distri-
bution for all types of particles. In such case plasma
is called non-equilibrium or non-thermal plasma
and is able to operate effectively at low temperatures
and pressure.

If the temperatures of electrons and heavy par-
ticles approach each other or, in other words, the ve-
locity distribution functions for all types of particles
can be assumed as Maxwellian, plasma comes to
local thermodynamic equilibrium (or quasi-equilib-
rium) and can be characterized by single tempera-
ture. In this case it is called thermal or equilibrium
plasma. Thermal plasma enables the delivery of
high power at high operating pressure, generally gas
temperature is > 1000 K.

Chemical phenomena in behavior of plasma sys-
tems are determined by types of produced active
molecules and time scales of elementary “physical
& chemical processes”. These strongly depend on
the kind of applied gas discharge physics [56-59].

The main types of discharges used to produce
thermal plasma are electric (DC/AC Electric Arc
Discharge), microwave (MW), radio frequency
(RF), etc.; for non-thermal plasma - DBD (dielectric
barrier discharge), pulsed MW, pulsed corona and
electron beam, etc. [56, 57].

This short information concerning types of plas-
ma is integrated in Table 5.

Table 5
Classification of plasma [59, 62]

Plasma Parameters Supplies
High T.=T,=T,, Laser fusion
temperature T,=10°K- 108 K, plasma,
plasma n.>10% m?3 DC/AC arc
(equilibrium
plasma)

Low temperature plasma

Thermal T=Ti=T, DC/AC arc
plasma T, =10 K- 104K, microwave,
(Quasi- ne>10®m? RF
equilibrium

plasma)

Non-thermal T.>Ti=T,, DBD
plasma (Non- | T,=3-10°K - 4-10*K, | pulsed MW
equilibrium Ne>10%° m3 pulsed corona
plasma) electron beam

T, = electron temperature; T; = ion temperature;
T.=neutral molecul temperature; T, = plasmatemperature;
n. = electron density.

Chemically active plasma is a multi-component
system which is highly reactive due to large con-
centrations of charged particles (electrons, negative
and positive ions), excited atoms and molecules
(electronic and vibrational excitation being the ma-
jor contribution), active atoms and radicals, and
UV photons. Each component of the chemically
active plasma plays its own specific role in plas-
ma-chemical kinetics. Electrons are usually first to
receive the energy from an electric field and then
distribute it among other plasma components and
specific degrees of freedom of the system. Chang-
ing parameters of the electron gas (density, electron
energy distribution function) often permits to con-
trol and optimize plasma-chemical processes. lons
are charged heavy particles, that are able to make a
significant contribution to plasma-chemical kinetics
either due to their high energy (as in the case of sput-
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tering and reactive ion etching) or due to their ability
to suppress activation barriers of chemical reactions.
This second feature of plasma ions results in the so-
called ion or plasma catalysis, which is particularly
important in plasma-assisted ignition and flame sta-
bilization, fuel conversion, hydrogen production
and exhaust gas cleaning.

The kinetics of equilibrium or quasi-equilibrium
plasma-chemical processes is a particular case of
non-equilibrium chemical kinetics [55].

Processes in two phase flow, discussed in pre-
vious section (heating the coal powder particles,
evaporation of volatile material and coal pyrolysis,
heterogeneous/porous reactions between char and
gas phase environment, chemical reactions in gas
phase), Fig. 2, will be now influenced with plasma.
With other words, chemical reaction models used in
the coal gasification have to include plasma particles
and reactions in compliance with properties of ap-
plied plasma.

As the plasma flow behavior can be considered
fluidic, classical Navier-Stokes equations, equations
of continuity, conservation of energy (with plasma
heating of particles) and mass of the individual com-
ponents [5, 7, 15-20] can be applied to model the
turbulent two phase plasma jets. But, the Damkdéhler
criterion. D, = t/z,, (7,7, are characteristic times of
turbulent mixing and chemical reactions) for the
majority of the plasma chemical processes at the
atmospherical pressure relate to case D,~ 1, hence,
the effect of turbulence on the kinetics of chemical
reactions must be taking in consideration, because
equality of process scales.

Thus, the plasma assisted coal conversion mod-
eling differs from simulation of an ordinary gasifi-
cation mostly through the plasma chemical reaction
system: interaction between turbulence and chem-
istry, high temperature reactions, production of ac-
tive particles and specific plasma reactions must be
investigated carefully to understand the influence of
plasma on the process. Both, high temperature and
high speed of particle heating result in volatile and
coal destructing products, which will different from
those in low temperature gasification (T < 1200 K).
Heavy aromatic molecules and fragments of tars can
be presented in large amounts in the gas phase on
the early stage of process. The volatiles initially will
react with highly reactive plasma species in very
fast reactions to form low molecular gases. High
temperature surface and gas phase reactions will
dominate in a system.

Specific plasma chemistry reactions require ini-
tially to calculate elementary processes and then de-
termine the energy distribution function of particles
and to use this information for calculation of process
macroscopic parameters.

Main types of plasma chemical reactions are
[60]:
molecule dissociation through interactions with
plasma electrons
e+CH=CH;+H+e
ionization
N(®P) + O—>NO* + e
positive ion and electron recombination
O*+e+e—0+e
reaction between neutral components and ions
0"+0,—-0+0%2+¢
electron attachment/detachment
O0+0+e—-0+0-
O0+0 —0,+e
positive ion and electron recombination
O+2 + e_)0+ + O
reactions with excited components
O +0,(a'g)—»0+0,

The effect of the conditions of the plasma treat-
ment on the chemical and phase compositions, as
well as the microstructure and shape of particles can
be demonstrated with results obtained in experimen-
tal investigations [64]. In this work the influence of
three types of gas plasma (1) Ar; (2) Ar + O, and (3)
Ar + H,O on the coal particle gasification under at-
mospheric pressure has been performed. The experi-
mental installation used in [64] is shown in Fig. 11.

Ar gas DC plasma torch I

0, gas

RF plasma system |

Steam

Chamber Exhaust system

Fig. 11. Experimental installation [64].

One of the main results obtained in [64], is dem-
onstrated in Fig. 12. It can be seen, that in the Ar
thermal plasma the fibers of char coal almost re-
tained their shape. In Ar + O, thermal plasma the
fibers of char coal broke up completely. In Ar +
H,O thermal plasma the fibers of the char coal col-
lapsed and looked like melting. Weight of particles,
concentrations of CH and H, were measured after
plasma treatment as well. The minimal particle
weight reduction, 3.27 g, was detected in the Ar
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plasma, the maximal one, 5.92 g, for the Ar + O,
system. Concentrations of CH and H, over 3 ex-
periments were distributed consequently as 8,

12, 14 ppmand 280, 10, 3300 ppm. The authors con-
cludedthat difference reactionsoccurred on each char
coal surface depending on each thermal plasma types.

©) Experiment No.2

(b) Experiment No.1

(d) Experiment No.3

Fig. 12. Micrograph of char coal surface (a) before and after treatment by (b) Ar (c) Ar + O, (d) Ar + H,0 thermal plasma [64].

In works [1, 2, 19, 65] the results of technology
development for plasma assisted coal combustion
are presented. Generally, coal-fired utility boilers
face two problems, the first being the necessity to use
expensive oil for start-up and the second being the
increased commercial pressure requiring operators
to burn a broader range of coals, possibly outside
the specifications envisaged by the manufacturer’s
assurances for the combustion equipment. The de-
veloped technology addressed the above problems
is thermochemical plasma preparation of coals for
burning.

The plasma-fuel system (PFS) is a cylinder with
the plasma generator placed on the burner [1, 2, 19,
65], Fig. 13. In PFS, since the primary mixture is
deficient in oxygen, the carbon is oxidised mainly to
carbon monoxide.

The air plasma flame is a source of heat and ad-
ditional oxidation, it provides a high-temperature
medium enriched with radicals, where the fuel
mixture is heated, volatile components of coal arc

extracted, and carbon is partially gasified. This active
blended fuel can ignite the main pf flow supplied
into the furnace. As a result, at the exit from the PFS
a highly reactive mixture is formed of combustible
gases and partially burned char particles, together
with products of combustion, while the temperature
of the gaseous mixture is around 1300 K.

Fig. 13. Plasma-fuel system [65].
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Further mixing with the secondary air, upon
the introduction of the mixture into the furnace,
promotes intensive ignition and complete com-
bustion of the prepared fuel. This technology pro-
vides boiler start-up and stabilization of pf flame
and eliminates the necessity for additional highly
reacting fuel. Developed, investigated and indus-
trially tested plasma-fuel systems improve coal
combustion efficiency, while decreasing harmful
emission from pulverised-coal-fired thermal power
plants. From the available experimental data of the
PFS operation, the measured composition of the
gas phase at the exit of the PFS was (volume %):
CO=28.5;H,=8.0; CH,=1.5; CO,=2.0; N, =59.5;
0,= 0.0; others = 0.5, including NOx = 50 mg/nm?,

One-dimensional CFD modelling of FPS [65]
with detailed chemical mechanism shown in Table
2, has been carried out in [2]. The reacting flow in
the PFS (coal particles/gas mixture) with an internal
heat source (electric arc or plasma flame) and ther-
mochemical transformations is formulated within
the framework of a one-dimensional plug flow reac-
tor. The heat and momentum exchange, as well as
the particle-to-particle, gas-to-particle and gas-to-
electric arc heat and mass exchange are accounted
for in this model. The fuel chemical transformations
considered in this model are as follows: devolatili-
sation, gasification of char carbon and conversion
of evolved volatile products in the gas phase. The
arc was taken into account in the balance of energy
as an internal source of heat present along the axis
of the PFS, the strength of the heat source being as-
cribed from the experiment data. The computational
procedure was subdivided into two stages. The first
stage included the computation of the heating of the
coal/air mixture by the plasma flame to a tempera-
ture corresponding to the onset of devolatilisation,
the ignition of the volatiles, and the gasification
of the char. Then the plasma heat source is deacti-
vated and computation of all thermo-chemical and
gasification processes is continued along with the
computation of the one-dimensional two phase (gas
plus particles) fluid mechanics. 3D computation for
the real PFS geometry has been performed with as-
summsion that reactions are fast and in equilibrium.
The equilibrium chemistry solution procedure is
performed using the numerical approach TERRA
[19]. Intrinsic plasma chemistry reactions have been
not used in modelling [2, 19].

Plasma - steam gasification of petrocoke has been
studied in [66]. Petrocoke is solid fuel consisted of
fixed carbon, tar, and ash. Direct utilization of the
petrocoke is difficult because of its low mechanical
hardness and high tar content. A potential method
to use petrocoke is steam gasification that converts

the organic mass of the coke into high-calorific syn-
thesis gas (CO + H,) that is free from nitrogen and
sulphur oxides in the plasma reactor.

This conversion can be written as:

C +H,0=CO + H,-Q = 131500 kJ/mol.

The plasma source energy compensates the heat
was varied from 3 to 3.5 kg/h. The plasma reactor
power was 60 kW. 2500 K mass averaged tempera-
ture in the reactor was achieved. The coke gasifica-
tion degree was 76.3 to 78.6%. The composition of
the gas phase was (vol.%) H,, 53.5 to 57.4%, CO,
33.9t0 36.2%, N,, 6.0 to 11.8%, O,, 0.4 to 0.8%.

The gasification of coal under steam and air
plasma conditions at atmospheric pressure was in-
vestigated in [67] in a tube-type setup with an aim
of producing the synthesis gas. The different fac-
tors influence the process have been analysed care-
fully. The plasma was diagnosed by optical emission
spectroscopy and the synthesis gas was analyzed by
gas chromatography. It has been found that the con-
tent of H, and CO in gas increases with increasing
the arc input power, and passes through a maximum
with the increase of current in electromagnetic coil,
while the content of CO, and O, in the gas decreas-
es. The content of H, + CO in the gas reaches 75
vol.% when the arc input power is 72.5 kW, while
the content of CO, remains to be less than 3 vol.%.
Obviously, high input power favours the formation
of H, and CO, but it should be noted that the content
of H, and CO in gas increases slightly with further
increasing the arc input power. This implies that it
will not be economical to further increase the arc
input power unlimitedly.

It has been establish that the intensity of the
emission peaks of CO* ion and CH radical in the
plasma increases roughly with increasing the arc in-
put power and correlate with CO and H, concentra-
tions. This strongly implies that the CO*ion and CH
radical are the precursors or origins of CO and H, in
the final gas products. The process parameters in-
cluding the arc input power, the electromagnetic coil
current and the coal-feeding rate have an important
effect on the gas composition.

The plasma applications for coal pyrolysis, acet-
ylene production, non-nuclear waste pyrolysis can
be recognized in [62, 68-71].

All described investigations present the results
of phenomenological studies of processes. Unfor-
tunately, the kinetic modelling of plasma chemistry
in coal gasification has been not found in open lit-
erature. One can say that a physicochemical kinetic
mechanism applied to plasma gasification model-
ing, i.e. the determination and description of the
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necessary set of plasma chemistry substances and
heterogeneous/homogeneous reactions is not devel-
oped today.

On the other side, considerable progress has been
made recently in experimental and numerical inves-
tigation of plasma-assisted hydrocarbon combustion
[66-61, 72-77], with development of detailed reac-
tion mechanisms for the plasma assisted hydrocar-
bon oxidation.

Transient plasma induced production of OH [68]
is followed in a quiescent, stoichiometric CH,—air
mixture using the planar laser induced fluorescence
technique. Ignition and subsequent flame propaga-
tion, for both the transient plasma and traditional
spark ignition, are observed. The transient plasma
is generated using a 70 ns FWHM, 60 kV, 800 mJ
pulse. OH production was confirmed throughout
the chamber volume. Ignition induced by transient
plasma was decidedly faster than by spark ignition.
Analysis of the flame front propagation rates shows
that flames ignited by transient plasma propagate es-
sentially at the speed consistent with well accepted
literature values for the stoichiometric methane—air
mixture. This supports the notion that residue plas-
ma, if any, has little effect on flame propagation.
Water vapor in the mixture gives several important
pathways for streamer-induced OH production: di-
rect electron impact disassociation of water vapor
and the creation of O(*D), which reacts with water
vapor to produce OH:

e+H,O—H+OH+e,
e+0,— O(D) + O +e,
O(*D) + H,0 — 20H.

Kinetic schemes to simulate the production of
active particles during the discharge and in its after-
glow and then plasma-assisted combustion for H,,
CH,, C,Hgwere developed in [61, 63, 73-75]. These
works establish the main principals of the plasma-
assisted ignition modelling and investigate proper-
ties of hydrocarbon combustion with the plasma ap-
plying.

In [61] oxidation of molecular hydrogen in a
stoichiometric hydrogen-air mixture in the fast ion-
ization wave (FIW) was studied at total pressures
p = 1-8 Torr, and the detailed kinetics of the pro-
cess has been numerically investigated. In this work
during the modelling of chemical reactions in the
H,—O,—N, system level-to-level kinetics of the ex-
change of vibrational energy between H,, O,, N,,
OH and H,0 have been taken into account. It was
suggested that the behaviour of electron energy dis-
tribution function (EEDF) and, respectively, rates of
all the processes with participation of electrons are

determined by e, N,, O,, H, and H,O. The list of pro-
cesses that are allowed for in EEDF computation is
given. The kinetic scheme that describes processes
at the stage of electric current flow consists of ~750
chemical and ~ 8700 vibrational exchange pro-
cesses with participation of 254 particles including
electron-excited and charged atoms and molecules,
electrons, radicals, non-excited components, and
vibrational-excited molecules H,, O,, N, and H,O
and the OH-radical. Corresponding kinetic equa-
tions were generated automatically. The following
processes were taken into account: associative and
Penning ionization, recombination of positive ions
and electrons, attachment of electrons to atoms, de-
tachment of electrons, interaction between neutral
non-excited components, interaction between neu-
tral excited and neutral non-excited components,
conversion of positive and negative ions, and re-
combination of positive and negative ions.

Diagrams of active particle flows were construct-
ed for every time interval for the most rapid channels
of chemical conversions. The performed analysis
shown that under conditions of pulsed high-voltage
breakdown the gas is excited predominantly behind
the fast ionization wave front at the stage of quasi-
stationary high-current discharge in relatively weak
electric fields E/n _ 300-600 Td at electron number
density ne = (1-2) x 1012 cm2 for a time of the order
of 10 ns. In the following processes for times up to
100 ns the dominant role belongs to reactions with
electron excited particles participation; in the micro-
second time range it belongs to the ion—-molecular
reactions; in the time interval of 100 us—25 ms the
main contribution is made by reactions with partici-
pation of radicals.

Kosarev et al. in [73] the Kkinetics of ignition in a
CH,:0,:Ar mixture under the action of a high-volt-
age nanosecond discharge have studied experimen-
tally and numerically. Ignition delay time behind a
reflected shock wave was measured with and with-
out the discharge. It was shown that the initiation of
the gas discharge with a specific deposited energy of
10-30 mJ/cm? leads to an orders-of-magnitude de-
crease in ignition delay time. Discharge processes
and following chain chemical reactions with en-
ergy release were simulated separately because of
an essential difference in their time scales. A kinetic
scheme was developed to simulate the production of
active particles during the discharge and in its after-
glow. The generation of atoms, radicals, and excited
and charged particles was numerically simulated us-
ing measured time-resolved discharge current and
electric field in the discharge phase.

Under the conditions considered, the discharge
processes occurred on a nanosecond scale, whereas
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the ignition processes occurred on a microsecond
scale. Therefore, the temporal evolution of densi-
ties of particles important for plasma assisted igni-
tion was simulated separately in the discharge phase
and in the ignition phase. The calculated densities of
active particles were used as input data to simulate
plasma-assisted ignition of methane.

It was assumed that the effect of non-equilibrium
discharge plasma is reduced to the accumulation of
active particles that influence the ignition processes.
The active particles under consideration were elec-
tronically excited O, molecules and Ar atoms, O at-
oms, H atoms, radicals of hydrocarbon molecules,
electrons, and simple positive ions. The focus was
on the mechanisms that could lead to dissociation
of molecules.

The electron Boltzmann equation was solved nu-
merically in the classical two term approximation
to determine the non-equilibrium electron energy
distribution. In solving the Boltzmann equation, the
input parameters were the reduced electric field E/n
and gas composition. The electron distribution was
not sensitive to gas temperature. Only electron col-
lisions with atoms and molecules of the dominant
species in the gas mixture were considered. The ef-
fect of electron—electron collisions and collisions
between electrons and new particles produced in the
discharge was neglected because of the low densi-
ties of these particles. For electron collisions with
Ar, O,, and CH,, the self-consistent sets of cross sec-
tions, available in the literature, were used, which
allow good agreement between calculations and
measurements of transport and rate coefficients in
the pure gases. The reaction rates parameters were
taken from the literature or calculated. The ignition
process was numerically simulated using the kinetic
mechanism RAMEC suggested in [78]. This mecha-
nism is based on the kinetic scheme GRI-Mech 1.2
[79]. The calculated ignition delay time agrees well
with experimental data.

In [76] the kinetics of alkane oxidation has been
measured from methane to decane in stoichiometric
and lean mixtures with oxygen and air at room tem-
perature under the action of high-voltage nanosec-
ond uniform discharge.

The complete self-consistent calculations of
the heterogeneous /homogeneous plasma chemi-
cal process are at present not possible because of
mathematical difficulties and the absence of chemi-
cal kinetic and experimental data for modelling.
After determination of the region of applicability,
i.e. parameters of plasma chemical systems, the
most significant characteristics of the process, ini-
tial data and target parameters, different simplifica-
tions of reaction mechanisms for plasma chemistry

can be performed. In [77] of such simplified model
for the production of the main species present in the
air plasma - N,, O,, N, O, NO (neutral species) and
NO*, N,,* O,",0*, e (charged species) has been pro-
posed.

Conclusions

Coal gasification (partial coal combustion) is a
complex process accompanied by two-phase turbu-
lent flow, heat transfer, combustion and gasification.

Mathematical models and CFD tools for coal
gasification have been developed, which describe
heating, evaporation, pyrolysis of coal and coke
particles, the heterogeneous/porous reactions, the
gas phase reactions operating very simple empirical
chemical sub-models.

Plasma-assisted coal gasification is a possibil-
ity to accelerate, manage and optimise the process
of coal gasification. Both thermal and non-thermal
plasma discharges can be used to convert coal into
other fuels. The benefits of plasma application in
these technologies can be based on the high selec-
tivity of the plasma-chemical processes, the high
efficiency of conversion of different types of coal
including those of low quality, relative simplicity
of the process control, and significant reduction of
ashes, sulphur, and nitrogen oxides output.

The main problems in coal gasification modeling
are incomplete initial information on the properties
of substances and characteristics of physical and
chemical processes as well as the absence of rea-
sonably “efficient” theories of describing the pro-
cesses. Neither plasma-assisted gas phase reactions
nor plasma-assisted heterogeneous reactions of coal
gasification are available in the open literature.

But, the progress in theoretical methods, appli-
cation of state-of-the-art electronic structure meth-
ods, theory of elementary processes and in computer
science allows us today to generate complete set of
data for plasma chemical process simulation.
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