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ME529 Combustion and Air Pollution

Topic 07b. Flame Propagation - Combustion of Solid Fuels
Coal

Burning coal produces 55% of the electricity in the US.  While each coal seam is unique, coal is classified according to its carbon content:

Coal Classification

	1.
	Lignite – black or brown
	

	
	Moisture content
	15 – 25%

	
	Dry lignite
	60 – 75% C

	
	
	20 – 25% O

	2.
	Sub-bituminous coals
	

	
	Dry basis
	75 – 83% C

	
	
	10 – 20% O

	3.
	Bituminous coal
	

	
	Dry basis
	75 – 90% C

	
	Used in PA – VA industry
	(9% S 

	4.
	Semi-bituminous coal
	

	
	Dry basis
	90 – 93% C

	5.
	Anthracite 
	

	
	Dry basis
	>95% C


Coal particles may vary in size from several inches to microns in furnaces where pulverized coal particles are sprayed into a furnace.  Regardless of size, coal burns in a manner similar to all charring solids:

1. Water is evaporated as the particle is heated.

2. The particle devolatizes as it is heater further, this releases HCs from the coal that ‘crack,’ that is, loose H

3. The volatiles burn in a cloud around the coal particle but detached from the surface – like the candlewick.

4. The remaining solid char particle burns more slowly in gas-solid reactions.
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Micronized (50 micron) coal agglomerates burning in air at Ty of 1450 K. Temperatures calculated
from three-color pyrometry.




Volatile Combustion

How much carbonaceous material is burned with the volatiles vs. what remains with the char?  There are two competing reactions for coal combustion (this is the Kobayashi model):

Coal ==> (1 - (1) R1 + (1 V1


with reaction rate constant k1
Coal ==> (1 - (2) R2 + (2 V2


with reaction rate constant k2
where

V
volatiles

R
residual char

· fraction of coal mass released as volatiles

During the proximate (low temperature pyrolysis) analysis of coal, the volatile fraction ( is measured.  Other parameters for the competing reactions are listed below:

	Parameters
	Reaction 1
	Reaction 2

	A
	3.7E05  [1/sec]
	1.46E13  [1/s]

	Ea/Ru
	8,857 [K]
	30,200 [K]

	Volatile mass fraction, (
	Depends on proximate analysis
	0.8 (fixed)


Where
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The rate equation for coal devolatilization:
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where xcoal is the mass fraction of the coal that devolatizes, taken from the parallel (competing) reactions:
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Before ignition occurs, 
[image: image5.wmf](

)

1

0

=

=

t

x

coal



[image: image6.wmf][

]

coal

coal

x

k

k

dt

dx

2

1

+

-

=


Separate variables:
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Integrate:
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Finally, the rate of coal devolatization is:
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where 
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 is the characteristic devolatization time.

Now, look at the char.  The fraction of coal converted to char is 1-(, so the rate of char formation is:
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Separate variables and integrate from xchar(t = 0) = 0 to xchar(t):
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The rate of char formation is:
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As 
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, and this is the mass fraction of carbonaceous material left in the char for oxidation.

Char Oxidation

The combustion of coal char is governed by the diffusion of an oxidizer (O2, OH, O, CO2, H2O, …) to the carbon surface and by surface reaction kinetics.  The porosity of the char particle provides a huge surface area that is much larger than the external surface area.

Very detailed models exist that incorporate the pore structure of the char particle and the resistance to gas diffusion within the pores with the intrinsic surface reaction kinetics.  An alternate approach is to view char combustion from a global viewpoint.   Global rate expressions describe the total reaction rate in terms of the apparent surface area.

Understanding the global approach starts with looking at the dominant char oxidation reactions.  The rate of char oxidation is the sum of several reactions that convert C to CO.  The most important are the 1st two listed below:
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-110 kJ/mol

exothermic
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+ 173 kJ/mol

endothermic
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- 393 kJ/mol

exothermic
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+ 132 kJ/mol

endothermic
Non-oxidizing reactions between gases and solid char include:

C(s) + 2 H2 ↔ CH4

- 75 kJ/mol

exothermic 

Non-oxidizing gas phase reactions include:

CO + 3 H2 ↔ CH4 + H2O
- 207 kJ/mol

exothermic

Because of the important endothermic reactions, the temperature drops in the interior of the char particle – which is a ‘reduction zone.’

The surface carbon is oxidized to CO by gas-phase CO2 (and any residual O2) that diffuse to the surface.  The consumption of solid carbon is governed by the diffusion of the reacting gases (O2, OH, O, CO2, H2O, H2, etc.) to the surface and by surface reaction kinetics.  Several modes of char oxidation have been identified [Mulcahy and Smith, 1969]:

Char Oxidation Modes

Regime

Process







1 surface reaction rate controlled 

2 pore diffusion and surface reactions both have influence

3 diffusion controlled

Diffusion of CO away from the char permits its conversion to CO2 in the gas phase in an oxidation zone surrounding the pellet.  The CO2 then diffuses both towards the surface – where it can oxidize additional C – and away into the gas phase.  The gas phase oxidation of CO is dominated by the elementary reaction CO + OH ↔ CO2 + H which is often written as the water-gas shift reaction:

CO + H2O → CO2 + H2

- 41 kJ/mol

exothermic
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There are a few ‘global’ char oxidation rate parameters listed in the table below.  Note how specific the char oxidation rate is to the type of coal.

The char oxidation rate is the net result of oxidizer diffusion to the char surface and the rate of surface reaction.  Particle temperature is important because of the large activation energies.  Because of high particle temperature and the high emissivity of carbon, thermal radiation is important.  

Char Oxidation Rate Parameters(a)
	Coal
	A
	Ea/R (K)
	n

	Petroleum coke
	70
	9,910
	0.5

	Pittsburgh seam (swelling bituminous coal)
	41,780
	17,100
	0.17

	Illinois No. 6 (swelling bituminous coal)
	63,370
	17,200
	0.17

	Brodsworth (swelling bituminous coal, UK)
	1,113
	131,300
	1.0

	East Hetton (swelling bituminous coal, UK)
	6,358
	17,100
	1.0

	Anthracite and semi-anthracite
	204
	9,560
	1.0

	Millmerran (nonswelling subbituminous coal, Aust.,)
	156
	8,810
	0.5

	Ferrymoor (nonswelling subbituminous coal, UK)
	703
	10,820
	1.0

	Whithick (nonswelling bituminous coal, UK)
	504
	8,910
	1.0


a) Parameters for use in 
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Micronized (50 micron) coal agglomerates burning in air at Ty of 1450 K. Temperatures calculated
from three-color pyrometry.



_1002548648

_1003659177

_1003659193

_1064835520.unknown

_1064835532

_1064835630.unknown

_1003659251

_1064835449.unknown

_1003659200

_1003659184

_1003659163

_1003659171

_1002548649

_1002548637

_1002548640

_1002548641

_1002548639

_1002548539

_1002548547

_1002548634

_1002386526

_1002387486

_1002548372

_1001787156

