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A number of  experiments on the plasma-vapor gasification of  brown coals o f  three 
types have been carried out using an experimental plant with an electric-arc reactor 
o f  the combined type. On the basis o f  the material and heat balances, process 
parameters have been obtained: the degree of  carbon gasification ( csc), the level o f  
sulfur conversion into the gas phase (1~), the synthesis gas concentration (CO 4-He) 
in the gaseous products, and the specific power consumption for the gasification 
process. The degree of  gasification was 90.5-95.0%, the concentration of  the synthesis 
gas amounted to 84. 7-85. 7%, and the level o f  sulfur conversion into the gas phase 
was 94.3-96. 7%. Numerical study of  the process o f  plasma gasification of  coals was 
carried out using a mathematical model o f  motion, heating, and gasification of  
polydisperse coal particles in an electric-arc reactor of  the combined type with an 
internal heat source (arc). The initial conditions for a conjugate system of  nonlinear 
dl~fferential equations of  the gas dynamics and kinetics of  a pulverized coal stream 
interacting with the electric arc and oxidizer (water vapor) agree with the initial 
conditions of  the experiments. The computation results satisfactorily correlate with 
the experimental data. The mathematical model can be used for the determination 
of  reagent residence time and geometrical dimensions of  the plasma reactor for the 
gasification of  coals, 

KEY WORDS: Plasma gasification; lower-grade coals; electric-arc reactor; 
mathematical model of plasma gasification of coals. 

1. I N T R O D U C T I O N  

A m a r k e d  t e n d e n c y  in the  pas t  d e c a d e  to a m o r e  r ap id  inc rease  in the  

p r ice  o f  fossi l  ene rgy  sources  (gas,  oil ,  coa l ) ,  a n d  tha t  o f  e lec t r ic  p o w e r ,  

has  c r ea t ed  the  n e e d  to d e v e l o p  n e w  m e t h o d s  for  p r o d u c t i o n  o f  c h e m i c a l s  
w h i c h  c o n s u m e  less c o m b u s t i b l e  m i n e r a l s  and  m o r e  e lec t r ic  power ,  as 
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compared with conventional processes. These are, first of all, processes 
based on the use of plasma: production of acetylene by pyrolysis of hydro- 
carbon gases, oil fractions, and coal in hydrogen plasma, t''21 and production 
of synthesis gas by gasification of hydrocarbon raw stocks in water vapor 
plasma or a vapor-oxygen mixture) 3'5~ In the latter case any fuel can, in 
practice, be used as raw material, such as coal of different degrees of 
metamorphism, peat, biomass, petroleum, and natural gas. 

The new process and its equipment are now being intensively studied. 
Mathematical models and computation of optimal process parameters may 
play a great role in the development of plasma-chemical methods of process- 
ing hydrocarbon raw material. 

The present article reports the results of coal gasification experiments 
with water vapor in an original plasma reactor (with combined heat release 
and absorption zones) and presents a mathematical model describing a 
two-phase reacting stream. The results of the experiments are compared 
with the calculated data. 

2. EXPERIMENTAL 

2.1. Description of Experimental Plant 

The experimental plant used for the plasma conversion of coals (Fig. 
la) ~6~ consists of a three-phase plasma generator-reactor 1, ¢7) slag catcher 

(a) 

Io 7 ii 

Fig. la. Experimental apparatus for the plasma conversion of coals: 1, reactor; 2, gas and slag 
separation chamber; 3, synthesis-gas oxidation chamber; 4, cooling chamber; 5, star dust 
feeder; 6, hot-water boiler; 7, power supply unit; 8, gas analysis system; 9, slag catcher; 10, 
choke; 11, transformer. 
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2, synthesis-gas oxidation chamber 3, cooling chamber 4, coal pulverization 
and feeding system 5, steam feeding system 6, electric-power supply unit 
7, instrumentation complex, water cooling, and influx-exhaust ventilation 
system. 

The plasma generator-reactor 1, of  adjustable power from 50 to 100 kW, 
is a cylindrical water-cooled jacket with a cover carrying graphite rod 
electrodes and inlet pipes for pulverized coal and gas. The plasma generator- 
reactor chamber is lined with graphite (thickness 0.02 m). The inner diameter 
of  this chamber is 0.15 and its height is 0.3 m. The chamber is enclosed by 
an electromagnetic coil on the outside and bounded with a graphite 
diaphragm on the underside. The plasmatron (Fig. lb) is fed by three-phase 
alternating current with a frequency of 50 Hz from a 200-kW electric power 
unit consisting of a three-phase transformer 11 regulated under load and 
inductive choke 10. Two electric phases are switched to the rod electrodes 
1 (diameter 0.02 m), and the third phase is switched to the ring electrodes 
(diameter 0.15 m) (Fig. lb). The distance between the rod electrodes and 
the ring electrode is 0.035 m. The three-phase alternating current arc burns 
between two rod electrodes and the rod and ring electrodes. It is localized 
in the electric arc zone of reactor 3 (height 0.08 m), enclosed from the 
outside by electromagnetic coil 4 (Fig. lb). 

The plasmatron power is determined by the formula 

Pare---- 3¢ 7U 

where I is the current strength and U is the voltage. 

! 

Ill 

I 

2 

(b) 

Fig. lb. Plasma generator-reactor: 1, graphite rod electrodes; 2, piper for pulverized coal and 
gas; 3, zone of electrodischarge; 4, electromagnetic coil; 5, graphite round electrode. 
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The slag catcher is a water-cooled cylinder with a sampler inside. 
The synthesis-gas oxidation chamber and the gasification-product cool- 

ing chamber are water-cooled steel cylinders. 
The coal pulverization and pulverized coal feeding system consist of 

a ball mill and a star motor-operated feeder. 
The steam feeding system consists of a hot-water boiler mounted on a 

weighing scale. The mixture of pulverized coal and gas is fed into the electric 
arc zone through piper 2 (Fig. lb). The pulverized coal rate was determined 
by weighing within an error of  1.5%. The steam rate was varied within the 
range 0-10 kg/h. It was determined also by weighing within an error of 3%. 
The nitrogen flow rate through the coal pulverization ejectors was measured 
by a rotameter within an error of 2%. After completing the experiment, all 
the units were thoroughly cleared of the condensed phase, which was 
weighed to determine the mass of the solid residue in the coal conversion 
process. 

The yield of gaseous products was measured with an orifice plate at 
the outlet of synthesis-gas oxidation chamber 3 (Fig. la). 

Gas to be analyzed was taken into vessels 8 (see Fig. la) directly from 
the reactor arc chamber through a water-cooled probe. A special device 
was used for mechanical cleaning of the probe channel to prevent clogging 
up the channel with solid particles. The time for taking 50-ml samples did 
not exceed 10 min. 

The gas was subjected to chromatographic analysis by the dynamic 
sampling and control method. The composition of the solid residue was 
examined by chemical and X-ray phase analyses) 8'9~ 

All the plant units were subjected to calorimetric measurements. 
The water temperature was measured by thermocouples (Chromel- 

Copel) within an absolute error of 0.2 °. The relative error was about 2%. 
The overall error in calorimetric measurements of heat flows was 6-10%. 

The temperature of the reactor wall and the graphite diaphragm was 
measured by standard tungsten-rhenium thermocouples. The temperature 
correction for radiation from the thermocouple junction l0 -3 m in diameter 
does not exceed 50 °. The gas temperature in the reactor was not measured. 
Instead, the mean mass temperature of reagents was calculated from the 
material and heat balances of the plasma reactor. 

2.2.  E x p e r i m e n t a l  P r o c e d u r e s  

Coal conversion was carried out according to the following procedures. 
An arc was fired between the rod and ring electrodes by blasting a wire. 
Then pulverized coal from the star feeder bin was fed through two ejectors, 
mounted on the reactor cover, to the rod electrode ends. By means of the 



Pulverized Coal Plasma Gasification 145 

carrier gas (nitrogen or synthesis gas), also fed through the ejectors, pulver- 
ized coal was uniformly distributed over the cross-section of the electric 
arc zone. The vapor was supplied axially through the two pipes on the 
reactor cover. After mixing, the vapor-pulverized coal mixture entered the 
arc discharge zone and was heated to high temperatures by the electric arc 
rotating in the magnetic field, thus producing a two-phase plasma flow 
where the coal gasification process basically occurred. The solid residue 
produced in the process was withdrawn through the diaphragm into the 
slag catcher. The gaseous products were fed through gas and slag separation 
chamber 2 into oxidation chamber 3, where carbon oxide and hydrogen 
were oxidized (Fig. la). Gaseous oxidation products were fed through the 
orifice plate, intended for measuring the off-gas flow rate, into cooling 
chamber 4 in which off-gases were cooled and cleaned of solid particles by 
means of a water spray. The cleaned and cooled gases were drained into 
the ventilation system. 

The duration of the experiments was varied from 0.5 to 1.75 h depending 
on specific tasks. 

In the course of  the experiments material and heat flows were controlled 
and measured in all the apparatus units, which was necessary for calculating 
material and heat balances. Specifically, the following parameters were 
recorded: electric power, flow rates of water vapor, coal, nitrogen, off-gases, 
and cooling water, temperature under the reactor cover, temperatures of 
reactor walls, graphite diaphragm, and off-gases at the center of the orifice 
plate. 

The material and heat balance equations assume the following form: 

G~-+- G3+ G4d- G 5 = G6+ Gi + G7 

P~,~ + P, = P2 + P3 + P4 + Ps + P6 

where G2, G3, G4, and G5 are the flow rates of coal, water vapor, carrier 
gas for coal pulverization, and electrode graphite; G6, GI, G7 are the mass 
rates of slag (solid residue), off-gases, and pulverized coal being removed, 
respectively; Pare iS the heat output of the arc, Pi is the heat supplied in 
vapor at T =  405 K; the heat losses in the apparatus units are: /:'2 in the 
reactor, P3 in the gas and slag separation chamber, P4 in the synthesis gas 
oxidation chamber, P5 in the slag catcher, and P6 is the heat carried away 
in the off-gas (Fig. 2a). 

The arc heat output is determined by the electric power input. The 
heat input in vapor was calculated by the formula 

P, = G3HI 
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Fig. 2a. Variation of specific heat flow to wall g,, with increase in the reaction zone length. 

where H~ = H~os K "F A H w p  = 0.05 + 0.63 = 0.68 kWh/kg of vapor ( H~,ap is the 
heat of  vaporization). 

The heat loss in the off-gases was determined from the off-gas tem- 
perature (T6), flow rate (G~), and composition obtained from the gas 
analysis. The measured temperatures,  pressure, and composit ion of gases 
were fed into the ACTPA-3 program ~°~ and the specific enthalpy of the 
off-gases was computed at specified values of the parameters mentioned 
above. The gas mixture heat output was calculated according to the formula 

1'6 = H r G t  

where H6 = ~3r~'oo Cp.g d T  is the specific enthalpy of the gas mixture. 
The specific power consumption Qsp for coal gasification was deter- 

mined from the formula ~s~ 

Q,p = Jcq - Z,-,( Q;' + Jpc) - Zo,AH~-( To)o, (1 )  

where Jeq and Jpc are the total specific enthalpies of  the reagents and products 
(coal + oxidizer) after gasification in the equilibrium state and of the prod- 
ucts of coal combustion in air at a standard temperature To = 298.15 K, Qd 
is the highest heat of coal combustion on the dry mass, measured at the 
temperature To, AHT(To)ox is the standard heat of  oxidizer formation, and 
Zr., and Zo~ are the fractions of  the total masses of  solid fuel and oxidizing 
agent. 

The degree of coal carbon gasification and the degree of sulfur conver- 
sion into the gas phase were determined from the carbon and sulfur content 
of the solid gasification products obtained from the results of the chemical 
analysis of samples. More particularly, ~,. and ~, were calculated according 
to the following exp re s s i ons ~ :  

Ci - C~ Sl - S2 
~,,-  - .  100%, . 6 ~ - - - -  100% (2) 

Ci Si 
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Table I .  Chemical Analysis of Brown Coals, mass % 

Coal 
Number Ad(%) C O H N S SiO2 AI203 Fe20~ CaO MgO 2 

l 12.7 60.87 20.33 3.88 1.43 0.79 6.23 2.68 1.30 2.0 0.49 

2 26.8 548.54 18.33 3.63 0.78 1.87 15.40 7.85 2.05 0.8 0.65 

3 48.1 33.60 8.52 6.50 0.88 2.40 25.82 16.13 1.73 0.41 0.46 

where C~, S~ are the initial amounts of  carbon and sulfur in the coal; C2, 
$2 are the final amounts of carbon and sulfur in the solid residue. 

2.3. Results of Experiments 

Finely ground brown coals from the Kansko-Achinsk (1), Turgay (2), 
and Podmoskovnyi (3) coal basins were used in the experiments. The sieve 
analysis of the feedstock showed that the maximum diameter of  particles 
was less than 120 ~m. 

The ash content of  the coals varied between 13 and 48%. Table I 
presents the chemical analysis of coals. The highest combustion heat of 
coal on the dry mass was 23,430, 18,140, and 16,130, kJ/kg for coals 1, 2, 
and 3, respectively. 

Below, the coals from the basins mentioned above will be referred to 
by the numbers 1, 2, and 3 (cf. Table I.) 

Figure 2a gives the specific heat flow to the wall (q,,), and Fig. 2b gives 
the temperature distribution in the apparatus units characteristic of the 

(b) 

17;,l¢ 
2400 

eooo 

f600 

f200 

8OO 

! 

,x,..X--~'~t G 

.a . .~- aX 7 

0 tO 20 30 ~0 %~ 
Fig. 2b. Variation of temperatures of gas phase and of apparatus units with time. (1-4) 
Temperature in the reactor wall height; (5, 6) gas temperatures at the reactor outlet and at the 

orifice plate center: (7) gas temperature after the cooling chamber. 
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gasification process, and the off-gas temperatures.  As can be seen from Fig. 
2b, the ring electrode temperature in the arc zone (curve 1) reaches 2400 K 
and the temperature  o f  the wall at the end of  the reaction zone (curve 4) 
reaches about  1800 K. The temperature  o f  the gaseous gasification products  
at the reactor  outlet is rather high, about  1600 K (curve 5). The off-gas 
temperature  after the cooling chamber  is about  700 K. 

Measurements  o f  the distr ibution o f  heat flows in different appara tus  
units (Fig. 3) indicated that on firing the arc and feeding the vapor -coa l  
mixture into the reactor, steady-state heat condi t ion was established in 

30 

,.w 

S 

0 fO 20 "c, ra~r~ 

Fig. 3. Heat losses in the apparatus units: P2, in the reactor; P3, in the gas and slag separation 
chamber; P4, in the synthesis gas oxidation chamber; Ps, in the slag catcher; P6, heat carried 
away in the off-gas. 

2O 
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Table !!. Material Balance 

Coal Flow Total 
Input rate 
(kg/h) 1 2 3 (kg/h) 1 2 3 

G z 5.80 7.13 6.70 G 6 0.68 2.65 2.08 
G 3 3.90 3.20 2.40 GI 10.10 9.16 6.96 
G4 0.21 0.23 0.20 G7 0.06 0.07 1.11 
G 5 1.50 1.50 1.50 . . . .  

Total 11.41 12.06 10.80 Total 10.84 11.88 10.15 

0.25-0.28 h. Fol lowing the es tabl ishment  of the steady-state heat condi t ion,  
gas and  solid residue samples were taken for the gas and chemical  analyses. 

The material  and  heat ba lances  for p lasma gasification of coals 1, 2, 
and  3 are presented below for three representative exper iments  1, 2, and  3, 
respectively (see Tables II and  III) .  

The errors in the material  ba lance  for coals 1, 2, 3 are 5.1, 2.2, and  
6.2%, respectively, which is within the limits of errors in the measurements  

of material  flows. 
The errors in the est imation of the heat ba lance  are 7.8, 3.5, and 7.2% 

for coals 1, 2, and  3, respectively, which is also within the limits of relative 
errors in the measurements  of heat flows. 

The gas analysis  results, averaged over the n u m b e r  of samples in each 
exper iment ,  are presented in Table  IV (for the indicated mean  process 
temperature) .  As is evident  from Table IV, in vapor  gasification the hydrogen 
concent ra t ions  in the synthesis gas are always higher than the CO concentra-  
tions. The ratio H2 :CO varies in the range 1.14-1.38. The synthesis gas 
yield reaches a considerable  value, from 84.7 to 85.7%. On subst i tut ing the 
recycled por t ion  of the synthesis gas for the carrier gas ni trogen,  the 
concen t ra t ion  of synthesis gas in the gas phase may increase up to 95-96%, 

Table IlL Heat Balance 

Heat Coal Heat Total 
input removal 
(kW) 1 2 3 (kW) I 2 3 

P, rc 80.60 62.00 62.00 P2 43.50 29.10 31.80 
Pt 2.65 2.87 1.63 P3 11.93 13.50 10.43 
. . . .  P4 6.70 5.15 3.50 
. . . .  Ps 2.10 5.05 3.11 
. . . .  P6 12.54 9.65 10.37 

Total 83.25 64.87 63.63 Total 76.77 62.45 59.21 
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Table  IV. Comparison between Experimental Calculated Data 

Content (vol. %) 
"~ = Qsp  

Methods d T (K) G~/G2 CO H, N, ~c (%) ~ (%) (kWh/k) 

Experiment 1 3000 0.50 39.6 45.1 15.3 95.0 96.7 13.8 
Calculation 1 2870 39.9 43.7 16.4 83.5 - -  13.1 
Experiment 2 3100 0.45 35.8 49.4 14.8 92.3 95.2 8.8 
Calculation 2 3030 34.9 37.6 31.6 92.2 - -  10.0 
Experiment 3 3000 0.36 38.2 47.5 14.3 90.5 94.3 9.2 
Calculation 3 2950 32.2 52.1 14.8 81.6 - -  9.4 

"Numbers of experiments and calculations correspond to the numbers of coal in Table I. 
Experimental temperature values correspond to mass-averaged values, and calculated values 
correspond to temperatures at the reactor outlet (L k = 0.3 m). 

and  ni t rogen in the gasif icat ion p roduc t s  will be represen ted  only by the 
fuel n i t rogen (4-5%).  

On the basis  of  mater ia l  and  heat  ba lances  the pa rame te r s  o f  the 
gasif icat ion process  were ob t a ined  (Table  IV). The mean  t empe ra tu r e  o f  
the process  for all the coals  changed  in a compara t ive ly  na r row range o f  
3000-3100 K. The  mass rat io o f  the v a p o r  and coal  flow rates 7 was var ied  
be tween  0.36 and 0.67 kg /kg ,  increas ing  with increase  o f  ca rbon  content  in 
the coals  (Table  I). The degree  o f  coal  gasif icat ion was 90.5-95.0%, and the 
degree  of  sulfur  convers ion  to the gas phase  was 94.3-96.7%. The cor re la t ion  
be tween t~,. and  £~ is evident  from the t abu la t ed  data :  with increase  in the 
degree  of  gasif icat ion,  the level o f  sulfur  convers ion  into the gas phase  also 
increases.  Both o f  these values only  sl ightly d e p e n d  on the ash content  in 
the fuels, which varies in a wide range from 13 to 48%. For  instance,  the 
degree  of  gasi f icat ion changes  compara t i ve ly  little from 95 to 90.5% for 
coals  1 and 3 having equal  t empera tu res  (3000 K) and vastly different  ash 
contents  (13 and 48%) and ~ rat ios (0.67 and 0.36), though  a t rend to its 
increase  with increase  in surplus  water  vapor  and decrease  in ash content  
was observed  for the coal  types under  s tudy.  

Note  that  the specific power  consumpt ions  given in Table  IV are 
charac ter i s t ic  of  the l abora to ry  p l a sma  reactor  with a low thermal  efficiency 

equal  to 46-53%. The exper imenta l  ev idence  points  to the fact that with 
increase  in s c and  decrease  in mean  t empera tu res  of  the process  down to 
T = 1800-2000 K the specific power  c o n s u m p t i o n  Qsp decreases ,  a p p r o a c h -  
ing the theore t ica l ly  required values  ca lcu la ted  by fo rmula  (1): 2.12 for coal  
1, 2.26 for coal  2, and  2.75 for coal  3 (~ = 0.8, T = 2000 K). 

The results of  X-ray phase  analysis  of  the condensed  gasif icat ion 
p roduc t s  show that  ca rbos i l i c ium (SIC) and two forms of  fer ros i l ic ium (FeSi  
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and FesSi3) in the crystalline state are present in the slag from the reactor 
and slag catcher, which confirms the possibility of reduction of the mineral 
part of  oxides of  lower-grade coal simultaneously with the production of 
synthesis gas with a heat of  combustion of 10,000-12,000 kJ /nm 3. 

Thus, experimental studies of brown-coal plasma gasification show 
that from lower-grade coals high-calorific synthesis gas can be produced 
which, after removal of  hydrogen sulfide (concentration 0.7-0.8%), can be 
used as an ecologically clean fuel or for the synthesis of  methanol. 

3. M A T H E M A T I C A L  M O D E L  OF GASIFICATION OF FINELY 
DISPERSED COAL 

The mathematical  model of  the coal gasification process describes a 
two-phase chemically reacting stream. The following chemical transforma- 
tions are considered: formation of primary volatile products, conversion of 
evolved volatile products in the gas phase, and coke residue gasification 
reactions. 

The process of  high-temperature coal conversion is carried out usually 
at atmospheric pressure and temperatures of 1500-3000 K. The gas stream 
as a rule is strongly turbulized, and the temperature and velocity distributions 
are practically uniform along the reactor radius. The particle volume fraction 
iS 10-3-10 -4 m 3 / m  3. 

Under these conditions, the interaction between particles may be 
neglected and, when modeling the processes, it is possible to use the 
results ~'2'13~ obtained for single particles. 

For the coal particle dimensions considered, convective heat transfer 
from gas to particle is a limiting stage as compared with heat transfer inside 
the particle, ~14~ and the temperature gradient inside the particle is small. ~ 15.16) 
Isothermality in the case under consideration is also not disturbed in 
heterogeneous gasification reactions. ~7~ 

The model described in this article considers a stream with polydisperse 
coal particles and the process of its heating with an electrical arc. 

The following assumptions were made in the formulation of the 
model:~18-2o~ 

(a) the bulk flow process is a steady-state, one-dimensional process; 
(b) the equation of state of an ideal gas is assumed to hold; 
(c) a homogeneous mixture of gas and particles is assumed at the 

reactor inlet; 
(d) local heat transfer between the gas and the solids includes convec- 

tive and conductive components;  
(e) the temperature gradients within the particle are negligible, and 

the temperature is uniform throughout the particle; 
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(f) the heat of  reaction of the solid-gas phase reaction affects the 
temperature of  the solids only, while that of  the gas-phase reaction affects 
the gas-phase temperature only; 

(g) particle-particle interaction and solid-wall friction are neglected 
due to the dilute system; 

(h) viscosity effects are appreciable only in the gas-solid phase inter- 
action. 

These assumptions make it possible to use ordinary differential 
equations, which substantially simplifies the computation of the process 
gas dynamics and still allows a detailed description of the process chemistry. 

For the construction of a reliable mathematical model of  polydisperse 
coal particle gasification, the set of  equations must include equations for 
component  concentrations (chemical kinetics equations) in conjunction 
with equations for gas and particle velocities and temperatures,  respectively. 

Recently, a mathematical model of such a type was reported. 118'19) The 
model describes the pyrolysis and gasification of monodisperse coal particles 
in a high-temperature gas stream. 

The polydispersity of  coal particles is accounted for by including in 
the equations a certain number of  representative pulverized coal fractions 
chosen from coal particle size distribution by mesh analysis of  coal powder 
after the mill. 

Without loss of generality, we can assume that the components  of the 
set are numbered as follows: 

i =  1 , . . . ,  n are gaseous components;  
i = n + 1 , . . . ,  N are solid-state components;  
j = 1 , . . . ,  m are heterogeneous reactions; 
j = m + 1 , . . . ,  M are gaseous reactions; 
! =  1 , . . . ,  L are fractions. 

Then the set of equations takes on the following form: 
Gas species balance 

d i  f 
dx v~ 

Solid species balance 

dci,i f.I ci,i dv,,j 
dx v,,t v,.I dx 

Constitutive equation 

dvs.t 1 
dx Msjvs-bj CD.I 

ci dvg ci dS 
vg dx S dx'  

ci.j dS 
S d x '  

i = 1  . . . .  ,n  (3) 

i = I , . . . , N ;  I = I , . . . , L  

r r R ~ , t p g ( v g  - v.,.t) l v , - v,. , I  

( 4 )  

t - -1 , . . . ,L  (5) 
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Solid-phase energy balance 

dTs, i 1 / \ 

dx L.p, lPs, l l ) s . l \ j  = 1 " / ' 

I = I , . . . , L  (6) 

Mixture momentum balance 

d L 
(7) 

Gas-phase energy balance 

+sc' . :" dx 

he/ L 

=s E ~ Q j + s z  4"n'R~.tNlut(T~.,- T~)+S~qar¢ (8) 
j = m + l  1=1 

Ideal gas law 

P = RgTg ~. c, (9) 
i= l  

Gas residence time 

drg = 1 (10) 
dx v~ 

Solid residence time 

dry.!_ 1 
(11) 

dx vs.t 

where a, = (h/2Rs:)Nul; Nl(x) = NT[v°~,lS°/v.,,l(x)S(x)]; NI is volume con- 
centration of particles; Y.7=~ ciCv, i = Cp, g is the effective heat capacity of the 
gaseous components; and ~ Y = . + ~ = j  c~,lCv.i= Cp: is the effective heat 
capacity of solid-state component fractions. 

From Eqs. (7) and (8) we can get explicit terms for dvg/dx and dTg/dx: 

dv__~g_ bla22- b2al2 
(12) 

d x  a l i a 2 2 -  a 1 2 a 2 1  

dTg b2a,,-bla21 
- ( 1 3 )  

d x  a l i a 2 2 - -  a 1 2 a 2 1  
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where 

a l ,  
P 

= pgOg - - - - ,  
l)g 

P 
at_ = ,,,, a21 = l.)gfp, g, 

lg 
2 

1222 = pgDg 

b, = - R T ,  y~ f - vg I z f  
~g i=  I i=1  

N dr,  iI 

P dS  
- F w + - - -  

S dx 

M L 

b ,= - - -v~  ~ / . i f +  2 WjQj+ Y" 
- 2 i=1 j = m + l  I=1 

v~.l N . dv,  l 
x - ~  Y i ~ f u + p ~ . w b  ' 

i = n + l  dx 

"t- l = l  }~ 47rR~'tNl°O(T"t-Tg)) +~jq~ 
Let us consider  some terms appear ing in the equat ions o f  the system. 
Term CDj in Eq. (5), representing the drag coefficient o f  the particle 

moving under  the action of  Stokes force, takes on the form ~2°~ 

+0.15Re(~ ), Re,.t < 1000 /24/Re~ I( 1 0. 687 

Ctzl = (0.44 ' , Re~.l/> 100 

where R ¢ , . t = 2 R ~ . t l v g - v , j l p g / ~ ;  ~ = 2 . 7 1 x 1 0  -7- 7"~ 7t9 is the empirical 
dependence  o f  the dynamic  viscosity coefficient o f  p lasma-forming gas 
(water vapor)  on its temperature;  P r =  1.48 in the case of  water vapor;  

0.690 r /=  3.66 × 10 -7.  Tg ; Pr = 0.68 if the plasma-forming gas is air. ~2~ 
The Nusselt  number  was calculated from the empirical formula c22~ 

Nut = 2 + 0.654. Re{(i 2. Pr 1/3 

The frictional force in Eq. (7) takes on the form ~2°~ 

F w  - fgpgv~ 
2 D  

where the friction coefficient can be derived from the Blasius empirical 
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formula: 

and 

0.316 
Re., < 100,000 

~e ~, 

Re., = D p v g  

The effects associated with Knudsen flow are small in the case under 
consideration. In addition, it should be noted that the effects associated 
with the evolution of volatile products have no appreciable influence on 
the motion of particles. ¢~6> The values of A appearing in the equations were 
calculated from the formula 

A - rICp'i 

Pr 

derived from the determination of Pr ~23~. 
Individual values of the heat capacity of components were calculated 

on the basis of  approximating polynomials, the values of which were taken 
from the automated data bank of ACTPA (automatic system of thermody- 
namic calculations). ~°> 

For complex hydrocarbons, the heat capacities and heats of formation 
were calculated from the values of the increments given in Ref. 24, and the 
ash heat capacities were taken from Refs. 25 and 26. 

The thermal effects of all the reactions, except for the primary coal 
destruction reactions (1)-(6), were calculated from the heats of formation 
of compounds participating in the reactions. 

The thermal effects of reactions of volatile matter evolution were 
determined from the difference between the effective and real heat capacities 
of coal. t25'261 

The thermal input of the arc is defined in the model as the difference 
between the arc electric power Pare and the heat loss to the wall P~ (see 
Fig. 3): 

A p  = P~rc - P,_, A p / V  = I~q . . . .  

where ~: = ( 1 -  P2/Pare)  is the thermal efficiency of the plasma reactor. The 
arc electric power is expressed in terms of the heat loss to the wall: 

Io P2 = r rD  q , . ( x )  d x  

where qw is the specific heat flow to the wall of the plasma reactor (see Fig. 
2a), and LR is the plasma reactor length; this heat flow is approximated as 
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follows: qw = qo e x p ( B x +  Cx2),  where B and C are normalization factors: 
B =0.116, C = - 3 . 8 5 4 ×  10-3; x is the longitudinal coordinate. 

The temperature of  the wall along the reactor length was determined 
by a similar formula with the same coefficients: 

Tw = To exp(Bx + C x  2) 

The values of  qo and To were chosen so that the heat loss to the wall 
and the wall temperature,  measured during the experiment, could be best 
described. 

It should be noted that during carbon oxidation heat release occurs 
on the surface of particles of  different fractions, which is accounted for by 
the first term in Eq. (6). 

To formulate the initial conditions for the system of equations, it is 
necessary to preset the values of  the initial velocities and temperatures for 
gas and particles, the pressure at the reactor inlet, the reactor wall tem- 
perature, and the ratio of  gas-to-solid mass flow rate. 

Since the system of equations obtained is appreciably nonlinear and 
has a comparatively large dimension, it can be solved only with the use of  
numerical methods. The described model was realized as a 386-series 
computer  program in FORTRAN-77. We used the modification of the 
program K-81 described in Ref. 27 and intended for the solution of stiff 
systems of chemical kinetics equations by Gear 's  method, with the addition 
of differential equations for velocities, temperatures,  and residence times 
of gas and particles. 

The model developed is distinguished by its detailed description of the 
kinetics of chemical reactions whose general scheme, along with the reac- 
tions of evolution of primary products, takes into account the reactions of 
their further transformations (Table V). 

The first chemical stage of coal conversion in the plasma-chemical 
reactors is the evolution of volatile matter. It has been proved experi- 
mentally ~28~ that the composition of the primary products and the velocity 
of their evolution from coal practically do not depend on the temperature 
and composition of the plasma-forming gas. Therefore, this stage can be 
described by a single kinetic mechanism for various plasmachemical pro- 
cesses (e.g., pyrolysis, hydropyrolysis, gasification with water vapor). 

Study of coals of  different rank by FT-IR spectrometry showed that 
they differ in the concentration of functional groups. 129~ Study of the evol- 
ution and decomposit ion of the functional groups by the same method and 
determination of the concentrations of the products formed (CH4, H20, 
CO, CO, ,  etc.) yielded the rates constants of evolution and decomposition 
of these functional groups and the formation rate of final products from 
them. It was found that the evolution rate constants of these groups for all 
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Table V. Kinetic Parameters of Reactions Included 

in the Mathematical Model" 

Reaction t' Log A" n E / R  (K) 

(I) [H2], = H 2 18.2 0 44.67 
(2) [H20], = H20 13.9 0 25.86 
(3) [CO], = CO 12.3 0 22.33 
(4) [C02]~ = CO, 11.3 0 16.40 
(5) [CHa]~ = CH.~ 14.2 0 25.96 
(6) [Ct, H6]s = C6H¢, 11.9 0 18.80 
(7) C + H 2 0 = C O + H 2  7.5 0 10.57 
(8) C + C O 2 = C O + C O  11.6 0 21.62 
(9) C+O2=CO2 12.3 0 19.10 

(10) CH4+H =CH3+H2 11.1 0 5.98 
(11) CH.~+OH = CH3+ H20 0.5 3.1 1.00 
(12) C H 4 + M = C H 3 + H + M  14.2 0 44.46 
(13) CH4+O= CH3+OH 10.2 0 4.63 
(14) CH3+ H20= CH4+OH 9.8 0 12.48 
(15) CH3+H2=CH4+H 9.7 0 5.74 
(16) C H 3 + M = C H 2 + H + M  13.3 0 46.83 
(17) CH~+O2 = CH30+O 10.7 0 14.58 
(18) CH3+OH = C H 2 0 +  H, 9.6 0 0 
(19) C H 3 + O = C H 2 0 + H  11.1 0 1.01 
(20) C H 3 0 + M = C H 2 0 + H + M  10.7 0 18.83 
(21) CHzO+M = H C O + H + M  13.5 0 40.75 
(22) H C O + M = H + C O + M  11.2 0 9.55 
(23) O 2 + M = O + M  12,7 0 57.85 
(24) H , + M = H + H + M  11.3 0 48.29 
(25) H +O_, = O+OH 11.3 0 8.45 
(26) H+H20 =H2+OH 11,0 0 10.22 
(27) H 2 + O = H + O H  7.3 1.0 4.48 
(28) H 2 0 + M = H + O H + M  13.3 0 52.8 
(29) H 2 0 + O = O H + O H  10.5 0 9.20 
(30) CO+OH =CO2+ H 4.1 1.3 -0.41 
(31) CO,+ H = CO+OH 6.2 1.3 10.87 
(32) C O + O + M = C O 2 + M  9.8 0 2.06 
(33) C e H 2 + M = C 2 H + H + M  11.0 0 57.34 
(34) C2H2=C+C+H2 6.0 0 15.07 
(35) C2H2+O2 = H C O + H C O  9.6 0 14.08 
(36) C 2 H 2 + H = C 2 H + H 2  11.3 0 9.55 
(37) C2H2+OH =CH3+CO 9.1 0 0.24 
(38) C2H2+O=CH2+CO 10.8 0 2.00 
(39) C H 2 + H 2 0 = C H 2 0 + H  2 I1.0 0 1.87 
(40) CH2+O 2 = H C O + O H  11.0 0 1.87 
(41) C2H+O2 = HCO+CO 10.0 0 3.52 
(42) C2H+ H20=CH3+CO 9.1 0 0.24 
(43) CoH~ = C2H2+C2H2+C2H2 12.0 0 42.76 
(44) O H + O H = H 2 0 + O  9.5 0 0.55 
(45) H + O H + M = H 2 0 + M  10.6 0 0 
(46) H + H + M = H 2 + M  9.6 0 0 
(47) C H 2 + O H = H C O + H 2 0  10.5 0 0.76 
(48) H + O H = H 2 + O  9.8 3.52 
(49) H 2 + O H = H 2 0 + H  11.4 0 5.03 

"The temperature dependence of rate constants is governed by the 
Arrhenius equation k i = A, e x p ( - E , /  RTJ T". 
hEquations (1)-(6) are the devolatilization reactions. 
' Dimensions of A, are s- '  for first-order reactions and liter tool ' s t 
for second-order reactions. 
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the coals are equal to a sufficient degree of accuracy. For many coals, no 
data on the concentration of different functional groups in them are avail- 
able. In such cases it may be considered, to a first approximation,  that the 
composition and total quantity of  the evaluated primary products of  coal 
destruction correspond to those determined by standard methods of analysis. 

With the particle heating rates realized in plasma and with the particle 
dimensions that are usually used (10-4-10-5m),  the coal decomposit ion 
process proceeds as a first-order reaction. 

Table V lists the values of  the kinetic parameters,  taken from Ref. 30, 
for the water, hydrogen, carbon oxide and dioxide, ethylene methane, and 
tar production reactions that were used in the model to describe the kinetics 
of the first stage, i.e., thermal devolatilization of coal [reactions (1)-(6)]. 

Further transformations of  primary products are described by reactions 
of  radical (10)-(49) in Table V, the rate constants of  which are taken from 
Ref. 31. 

The interactions between the coke residue and water vapor, oxygen and 
carbon dioxide [reactions (7)-(9)] are the rate-limiting stages of  the process. 
The rate constants of these stages are taken from Ref. 19. 

4. C O M P A R I S O N  OF EXPERIMENTAL AND CALCULATED 
DATA 

The calculation of the coal gasification processes was performed for 
flow rates of  coal G2 and water vapor G~, and electric power of arc Pare 
used in the experiments (see Tables I and II). The following particle size 
distribution was used in the calculation: 

Fraction 1: r~ =5.0/~m, 10.0% 

Fraction 2: r~ = 15 ~m,  20.0% 

Fraction 3: r~ = 30 ~m,  40.0% 

Fraction 4: r, = 50/~m, 20.0% 

Fraction 5 : r ~ = 6 0  pm,  10.0% 

Comparison between the calculation results and the experimental data 
(Table IV) shows that the calculated values of  the gas temperature at the 
reactor outlet and the mean temperatures determined experimentally agree 
within an accuracy of +100 °. There is also practically complete agreement 
in the specific power consumption (Q~p). According to the experimental 
and calculated data, the main gaseous products of the reactions are H2 and 
CO, the calculated and experimental values of  the H2:CO ratios being 
similar. Carbon dioxide and light and heavy hydrocarbon are converted 
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almost completely into H2 and CO in the reaction zone. In this sense, the 
compositions of  the plasma-chemical coal gasification products differ con- 
siderably from the compositions obtained by conventional gasification 
methods: the carbon dioxide content in the latter case often exceeds 10%. 
The absence of carbon dioxide in the plasma-chemical coal gasification 
products makes possible their use as reducers in metallurgy, for example. 
The calculated values of the coal carbon conversion level ~:c are substantially 
lower (by 9-13%) than those found in the experiment. Since the residual 
content of water vapor in the reaction products is small (for example, 3.6 
and 0.89% for gasification of coals 2 and 3, respectively), the coal gasification 
level observed in the experiments cannot be achieved by reactions with 
water vapor only. Under the conditions of plasma-chemical gasification, 
the coal particles (especially the finest fractions) appear to be heated to 
such high temperatures that promote the reduction of the oxides of the 
mineral part of coal by carbon. This assumption is supported by the detection 
by the X-ray phase analysis of silica and iron carbides in the solid residues. 
Thus, the model should include reactions of this type. 

3000 
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! ! 

Fig. 4. Variation of temperature (1-4) and of gas and particle velocities (5-6) with increase 
in the reaction zone length in the process of gasification of coal 1. ( 1 ) Gas temperature; (2, 3, 4) 
temperatures of particles of fractions l, 3, and 5, respectively; (5) gas velocity; (6) velocity of 
particles of fraction 5. 
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Fig. 5. Variation of temperature ( ] -4)  and of gas and particle velocities (5-6) with increase 
in the reaction zone length in the process of  gasification of coal 2. (!) Gas temperature; (2, 3, 4) 
temperatures of particles of fractions l, 3, and 5, respectively; (5) gas velocity; (6) velocity of  
particles of  Fraction 5. 
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Fig. 6. Variation of temperature (1-4) and of gas and particle velocities (5-6) with increase 
in the reaction zone length in the process of gasification of coal. ( l )  Gas temperature; (2, 3, 
4) temperature of particles of  fractions 1, 3, and 5, respectively; (5) gas velocity; (6) velocity 
of particles of fraction 5. 
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Fig. 7. Coal 1 particle conversion level as a function of  the reaction zone length. (1-5) 
Conversion levels of  organic matter of  coal of  fractions 1-5, respectively; dashed curve--total  
conversion level of  organic matter of  coal. 
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Fig. 8. Coal 3 particle conversion level as a function of the reaction zone length. (1-5) 
Conversion levels of  organic matter of  coal of  fractions 1-5, respectively; dashed curve--total  
conversion level of  organic matter of  coal. 
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Fig. 9. Coal 3 particle conversion level as a function of the reaction zone length. (1-5) 
Conversion levels of organic matter of coal of fractions 1-5, respectively; dashed curve--total 
conversion level of organic matter of coal. 
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Fig. IO. Concentration variation of gaseous products of coal 1 gasification process with increase 
in the reaction zone length. 
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It is possible to calculate the curves of particle and gas temperatures 
and velocities, carbon conversion level, and product composition against 
the reactor length using the mathematical model (see Figs 4-12). 

The patterns of the particle and gas temperature variation for the three 
different coals are similar: they increase with reactor length, the temperatures 
of  fraction 1 particles exceeding the temperatures of fraction 5 particles by 
400-500 K, and the gas temperature being higher than the temperature of 
fraction 1 particles by 50-90 K. The velocities of gas and particles differ 
slightly: by less than 5% in the case of the smallest and largest particles 
(Figs. 4-6). 

The carbon conversion levels for particles of different size differ con- 
siderably (Figs. 7-9): in the gasification of coals 1 and 2, carbon of fraction 
1 particles at the reactor outlet is converted completely, while the conversion 
of  carbon of fraction 5 particles constitutes 63-70%. The total conversion 
of  carbon in both cases is close to 80%. In the gasification of coal 3 the 
complete conversion of small particles cannot be achieved, yet the total 
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Fig. I 1. Concentration variation of gaseous products of coal 2 gasification process with increase 

in the reaction zone length. 
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Fig. 12. Concentration variation of gaseous products of coal 3 gasification process with increase 
in the reaction zone length. 

conversion of coal carbon in the latter case is also close to 80%. The residual 
content of water vapor in the gas mixture in the conversion of coals 1, 2, 
and 3 is 6.2, 3.6, and 0.89% (by volume), respectively. Thus, the incomplete- 
ness of  coal carbon gasification is accounted for by the deficiency of water 
vapor in the system. 

The variation of product composition with reactor length shows com- 
mon trends: hydrogen and carbon oxide contents increase, while those of  
methane, carbon dioxide, and benzene drop practically to zero at the reactor 
outlet (Figs. 10-12). 

5. C O N C L U S I O N S  

We have studied the process of  vapor gasification of various coals in 
a plasma reactor and developed a mathematical model describing the 
conversion of the polydisperse pulverized coal stream in a reactor of  this 
type. 
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Comparison between the experimentally obtained data and the calcula- 
tion results shows a satisfactory agreement between them and confirms the 
possibility of  predicting the parameters essential for practice: reaction zone 
length, specific power consumption, synthesis gas yield, the mixture compo- 
sition of the initial process, and others. 

The calculations also give useful information on some characteristics 
of  the process that are difficult to obtain experimentally, in particular the 
velocities, temperatures, and degrees of  carbon conversion of coal particles 
of different size. 

7. NOMENCLATURE 

c~ - -vo lume concentration of  components (kmol m -3) 
x -- longitudinal  coordinate (m) 
f - - source  members, determined by variation of the ith component due 

to chemical reactions in unit volume in unit time (kmol m -3 s -I) 
v --veloci ty (m s -~) 
M~ - -ash  mass in one particle (kg) 
Co --part icle  drag coefficient 
7r --3.14 
rs --part icle  radius (m) 
d --part icle  diameter (m) 
p - -densi ty  (kg m -3) 
Cp - -hea t  capacity of components (J mol -~ K -~) 
Qj - - thermal  effect of reaction (J kmol -~) 
Ej --activation energy of reaction 
NI - -vo lume concentration of particles of the /th fraction (m -3) 
T - - temperature  (K) 
e --emissivity factor of coal particles 
~r --5.67 x 10 -8, blackbody emissivity coefficient (W m -2 K -4) 
P --pressure (Pa) 
S - - reac tor  cross section (m 2) 
D - - reac tor  diameter (m) 
V - - reac tor  volume (m 3) 
LR - - reac tor  length (m) 
Fw --fr ic t ion force on the wall (N) 
fg --fr ict ion coefficient 
r - -residence time (s) 
Nu --Nussel t  number 
Re - -Reynolds  number 
Pr - -Prandt l  number 
A -- thermal  conductivity of gas (J m -~ s -~ K -~) 
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R --8.3 × 103, universal gas constant (J kmol K -1) 
/zi - -molecu la r  mass of  component  (kg kmo1-1) 
7/ - - d y n a m i c  viscosity coefficient of  gas (kg m -~ s - ' )  
s c - - the rmal  efficiency of plasma reactor 
qarc - -specif ic  heat flow from arc (W m -3) 
P~ - - h e a t  supplied in vapor at T- -405  K (W) 
P2 - - h e a t  loss to wall (W) 
P3 - - h e a t  loss in the gas and slag separator  chamber (W) 
P4 - -hea t  loss in the synthesis gas oxidation chamber (W) 
P5 - - h e a t  loss in the slag catcher (W) 
P6 - - h e a t  carried away in the off-gas (W) 
Ap - - h e a t  input of  arc (W) 
Parc - -e lectr ic  power of  arc (W) 
Qsp --specif ic  power consumption (kw H r k g - ' )  
dw --specif ic  heat flow to wall (W m -2) 
C - -degree  of carbon gasification (%) 
~s -- level  of  sulfur conversion into gas phase (%) 

7. INDICES 

dif - - refers  to diffusion 
s - - refers  to particle 
W -- refers  to reactor wall 
g - - refers  to gas phase 
i - -o rd ina l  number  of component:  

i =  1 , . . . ,  n - -gas  components;  
i = n + 1--ash (mineral components  of  coal); 
i = n + 2 - - c o a l  carbon; 
i = n + 3 , . . . ,  N--sol id-s ta te  components evolved into gas phase on 

coal particle heating 
j - -o rd ina l  number  of chemical reaction: 

j = 1 , . . . ,  m--he terogeneous  reactions 
j = n + 1 . . . . .  M- -gaseous  reactions 

l - -o rd ina l  number  of fraction 
N - - n u m b e r  of components 
M - - n u m b e r  of  reactions 
L - - n u m b e r  of  fractions 
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