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PARTICLE SIZE AND COAL CLEANING EFFECTS 
IN HIGH INTENSITY COAL COMBUSTION

D.J. Harris and I.W. Smith

CSIRO Division of Coal and Energy Technology 

P.O. Box 136, North Ryde, NSW, 2113, Australia.

Introduction
Most large industrial steam generators and coal fired electricity generating units are fired 
with pulverised coal. Typically, the time available for combustion of coal particles in 
pulverised coal fired boilers is about 1 to 2 seconds. As the particle size is relatively small 
(typically 75% < 75pm) and heating rates are high (approx. 10^ K/s) the time taken for 
coal pyrolysis is short [1], It is the combustion of the residual char, and the amount of char 
which remains after devolatilisation, which largely determines the combustion efficiency 
which can be achieved in a given furnace or, alternatively, determines the furnace size and 
operating conditions required to bum a given coal efficiently.

In some practical applications, however, the time available for combustion of pulverised 
coal particles is very short. For example, where coal is injected as an auxiliary fuel in blast 
furnaces, the residence time available for combustion of coal particles in the raceway is 
estimated to be as short as 10-30 ms [2-4]. In advanced coal combustion systems, such as 
slagging cyclone or tubular combustors (which may form part of magnetohydrodynamic 
(MHD) power generation technologies) direct coal fired turbines and other pressurised 
combustion systems, as well as in emerging coal gasification combined cycle systems, very 
high conversion rates are also required. While some of these systems allow unburnt char 
to be separated and recycled, there is an obvious cost and efficiency penalty associated 
with high char recycle ratios. In order to achieve high coal conversions in the limited 
residence time available in many of these systems, special reaction conditions are needed. 
The use of high oxygen concentrations, elevated pressures, high gas preheat temperatures 
and fine grinding of coal particles are common measures which are used to increase the 
'combustion intensity' in these reaction systems.

The amount and nature of mineral matter in coal is also an important factor which may 
create problems in utilisation. Mineral matter can be removed from a combustion or 
gasification system in either solid or liquid form. Most conventional furnaces produce 
flyash which is subsequently collected in electrostatic precipitators or fabric filter units. In 
general, these furnaces are designed to operate under conditions of 'dry ash', i.e avoiding 
molten or fused deposits within the boiler. Australian coals, with high ash fusion 
temperatures, are beneficial in this regard. In many advanced combustion and gasification 
systems it is desirable to operate at temperatures sufficiently high to allow removal of the 
mineral matter as a molten slag.

Although the amount of mineral matter can be reduced by various coal cleaning methods, 
the cost of doing so is significant. Coal cleaning processes, be they physical, chemical or a 
combination of both, also have the potential to alter the subsequent behaviour of a coal in 
'dry' or 'wet bottom' furnaces. It is possible that the combustion rate of coal char particles 
may be affected either through alterations to the maceral composition of the coal which
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may occur in physical (density separation) cleaning methods or by the creation of porosity 
in the coal by chemical dissolution of mineral matter. Another, less likely, consequence of 
chemical coal cleaning is the reduction of combustion reactivity due to the removal of 
catalytic species or by chemical modification of the coal substance. However, the 
relatively high concentration (in chemical terms) of residual mineral species, even in highly 
beneficiated coals, and the very high temperatures encountered in most pulverised coal 
combustion and gasification processes generally ensure that catalytic effects, at least, can 
be neglected [6],

This paper presents an overview of coal combustion rates in high intensity combustion and 
gasification processes and considers the likely effects of coal cleaning, particle size and 
process conditions on coal burning times which can be expected under the severe 
operating conditions encountered in these technologies.

High Intensity Combustion

It is generally recognised that coal combustion occurs in two stages: firstly, evolution and 
combustion of the volatile components followed by heterogeneous combustion of the 
residual char. Although these two steps may overlap to some degree, particularly at high 
pressures where pyrolysis may be hindered, the second stage is generally at least an order 
of magnitude slower than the first [5], The amount of material released as volatile matter 
during the first stage has a very strong effect on the char burnout time as it directly 
determines the amount of char which remains to be burned.

The combustion intensity (Cl) can be defined as the rate of energy release per unit volume 
of the combustion (or gasification) chamber [6]:

CI= (W/V)Qm (W/m3) (1)

where W is the mass throughput of reactants, V is the volume of the reaction chamber and 
Qm is the specific energy of the coal.

For given throughputs of coal and gas (usually air, but O2 enriched air or O2/H2O 
mixtures are often used in blast furnace coal injection and gasification applications 
respectively) the minimum volume of the reaction zone is proportional to the time taken to 
completely consume the coal particles.

The effect of major system variables on coal burning times have been discussed in detail in 
the early reviews of Thring and Essenhigh [7], Field et al [8] and Mulcahy and Smith [6]. 
These workers, among others, showed that where combustion is controlled by mass 
transfer of reactant to the particle (the fastest rate of reaction attainable), the combustion 
rate is independent of system pressure, has a small temperature coefficient (T^ 75) %nd is 
inversely proportional to particle diameter. Increasing the system pressure under such 
circumstances will therefore allow the minimum reactor volume to be decreased, or the 
coal throughput to be increased, in direct proportion.

The dependence of coal conversion on the particle residence time in a pressurised 
combustor is shown in Figure 1 [9], These early data, which were obtained by Hazard and 
Buckley [10] over a range of pressures from 1.5 to 6 atm, show clearly that coal 
conversion under high intensity conditions depends on residence time only and is not 
influenced by system pressure.
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Where combustion rates are controlled by chemical reaction rates, increasing the system 
pressure will generally reduce the burning time and thereby enable a greater reduction in 
reactor volume than would be possible if conversion rates were controlled by mass 
transfer, even though the total chamber volume will be largest for chemical rate control - 
the slower reaction condition. At the temperatures encountered in conventional pulverised 
coal combustion, burning rates of coal chars are generally limited by the combined effects 
of diffusion within the pores of char particles and chemical reaction rates [11, 12]. As 
temperature and reactant gas pressure are increased, chemical reaction rates will approach 
the external, limiting, mass transfer limited rate.

Reaction intensities have been estimated according to equation (1) using published data 
for a range of high intensity combustion and gasification systems. The results of these 
calculations are compared graphically in Figure 2 with the estimated combustion intensity 
of a conventional pulverised coal fired boiler [9]. As would be expected, the latter system 
has a much lower value of Cl (~0.2 MW/m^) than the other technologies included in this 
analysis. The estimates given in Figure 2 are based on a common, conservative value of 
27.8 MJ/kg for the specific energy of the feed coal.

The data for the pressurised fluidised bed combustor (PFBC) [13] indicate a range of 
combustion intensities from about 1.0 to 4.5 MW/m^. These results reflect the increased 
coal throughput which could be achieved when the system pressure was increased from 1 
to 5 atm.

The estimated combustion intensity given for the CRIEPI gasifier is calculated for the 
Japanese 200 tonne/day demonstration plant [14]. The data are based on experimental 
measurements made in the associated 2 tonne/day facility.

Calculation of the combustion intensity of pulverised coal and coke in the blast furnace 
raceway was based on typical blast furnace operating data [15]. A raceway volume of 
0.5m?, a coal injection rate of 140 kg/tonne of iron and a coke rate of 360 kg/tonne of 
iron (67% of which was combusted in the raceway) were assumed for the purposes of this 
estimation. The combustion intensity of this blast furnace raceway was similar in 
magnitude (-50 MW/rn^) to that reported by Hoy et al [16] for a pilot scale tubular MHD 
combustor.

Of the systems included in Figure 2, the highest intensity practical reactor is an early 
experimental 02/steam gasifier [17] operated by the US Bureau of Mines. This unit 
achieved reaction intensities of approximately 17 and 77 MW/m^ at 5 and 20 atm pressure 
respectively. The very high reaction intensity (155 MW/m^) reported by Hoy et al [18] for 
a theoretical gasifier operating at 25 atm pressure is based on an assumed gasification time 
of 0.1s for a 100pm particle. This estimate is in good agreement with experimental data 
on burning times for similar size coal particles burning in air at approximately 1500°C and 
with theoretically predicted burning times based on mass transfer limited reaction rates [5- 
7].

Figures 3 and 4, reproduced from Mulcahy and Smith [6] and Essenhigh [5] respectively, 
show experimentally determined and calculated burning times of individual char particles 
as a function of the original particle diameter. In both diagrams, experiment and theory are 
in close agreement, indicating that, at least for particles larger than about 100pm, burning 
times can be reasonably estimated from established mass transfer theory.
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Where mass transfer alone controls combustion rate, the maximum burning rate 
achievable, pm, per unit external area of a carbon particle can be calculated from 
equations (2)-(4) given below:

Pm = “hmC, (kg/m2s) (2)

where a is a stoichiometric coefficient, hm is the mass transfer coefficient and Cg the 
concentration of reactant gas remote from the particle. hm is related to the Sherwood 
Number (Sh) by [19]:

Sh = h„ 6y / D = 2(1 + B Re'/2 Sc,/3) (3)

where y is a characteristic particle size (ratio of volume to surface area) which has a value 
of d/6 for a sphere [20], D is the molecular diffusion coefficient of the reactant species in 
the gas surrounding the particle, B is an empirical constant and Re and Sc the appropriate 
Reynolds and Schmidt numbers, respectively.

Pulverised fuel particles are sufficiently small that Re can be taken as zero [8] whence:

hm =d/3Y (m/s) (4)

Where chemical and pore diffusion processes limit practical burning rates, more complex 
analysis of reaction and diffusion rates and the physical properties of the particles are 
required. Combustion kinetics under these conditions are considered in detail elsewhere 
[eg 5, 8, 12, 19, 21]. For the present purposes it is sufficient to limit consideration to mass 
transfer limited rates which, as noted above, provide a practical maximum limit to burning 
rates in the high intensity combustion systems of interest.

There are many examples, in addition to those given in Figures 3 and 4, where rates 
calculated using equation (2) agree well with measured data. Two such examples are 
given in Figures 5 and 6. Figure 5 [12] shows calculated values of pm for 82 and 105pm 
particles and measured data of Field [22] for similarly sized char particles burning at 
atmospheric pressure in an entrained flow laboratory reactor. The values of pm were 
calculated using a value of a consistent with CO being the primary product of reaction. 
Figure 5 clearly shows that as temperature increases, and chemical reaction rates increase, 
p approaches the calculated values of pm. The burning rate of the 105 and 82pm particles 
reach their diffusion limited rates at about 1900K and 2100K respectively.

Figure 6 compares calculated and measured carbon burnouts for the high intensity pilot 
scale MHD combustor [16] for which reaction intensity data were cited in Figure 2. These 
data were obtained from burnout measurements for pulverised coal at about 2500°C and 
pressures up to about 5 atm. The calculated carbon burnouts are in good agreement with 
the measured values and, once again, were derived assuming combustion was occurring at 
the diffusion limit. More recently, Essenhigh and co-workers have confirmed the 
dominance of mass transfer processes in high intensity combustion with measurements 
made of the combustion efficiency of bituminous coals and coal chars at temperatures up 
to about 1900°C in a laboratory tunnel furnace [23, 24]. Combustion efficiencies of up to 
99% were achieved in around 300ms in these experiments. Suzuki et al [25] were also 
able to satisfactorily predict the levels of coal burnout observed in Essenhigh's experiments 
[23] and in Suzuki's earlier experimental work [2], performed under conditions 
appropriate to blast furnace coal injection, using a one dimensional mathematical model 
based on diffusion limited combustion rates.
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It is important to note that most of the data on particle burning times in Figures 3 and 4 
correspond to particles larger than about 50pm. It is significant that the burning time 
measured by Cassel [26] for small (~6pm) graphite particles which are shown in Figures 3 
and 4 is much greater than that calculated from mass transfer theory. Essenhigh's diagram 
(Fig. 4) [5] also includes some experimental data for combustion of sub-micron soot 
particles and for combustion of fine coal at elevated pressure in diesel engines. These data 
also indicate that for very small particles, burning times are longer because combustion 
rates are lower than the theoretical mass transfer. As shown by Mulcahy and Smith [6] 
and Field [8], chemical reaction rates can have a limiting effect on particle burning times 
for particles smaller than about 40pm under practical combustion conditions. For very 
small particles, the burning times indicated in Figures 3 and 4 are approaching those 
estimated for coal pyrolysis. Under these circumstances, the two processes (volatiles 
evolution and heterogeneous combustion) would coincide and compete for oxygen. 
Diffusion of oxygen to the coal particle would also be hindered by the flux of volatile 
material from the particle. As the particle size approaches the mean free path of oxygen, 
which is about 0.5pm at 1800K [6], further uncertainties are introduced into the 
calculation of diffusion limited combustion rates.

There are few data available on the chemical reaction rates which could be expected under 
high temperature and pressure gasification conditions. It is well established that the 
reaction rates of carbon/steam and carbon/C02 reactions are up to about five orders of 
magnitude slower than the carbon oxygen reaction at atmospheric pressure [27-29]. It is 
possible that the chemical rates of these reactions could still have a significant limiting 
effect on the gasification of small char particles under practical gasification conditions 
where oxygen concentrations are low. Reaction rate measurements under such conditions 
are urgently required.

Effects of Coal Cleaning on Combustion Rates

Most exported coals are cleaned to a mineral matter content of less than about 10-15% 
using conventional coal cleaning methods, which are based on density separation, prior to 
shipment. The ease and effectiveness of coal washing depends on how the mineral matter 
is distributed within the coal. Extraneous mineral matter is relatively simply removed by 
gravity separation. However mineral species which are finely dispersed within the coal 
cannot be separated easily from the host coal particles in these processes, resulting in 
either low washing yields (if very low mineral matter content is required) or the 
persistence of the inherent mineral matter in the product coal. The cost of additional 
cleaning of coal either by advanced physical processes or chemical treatments is generally 
prohibitive for conventional thermal coal applications.

Most of the emerging high intensity combustion and gasification technologies are designed 
to operate effectively with a wide range of coal types with various mineral matter contents 
and inorganic compositions. However, in almost all coal utilisation technologies, low coal 
mineral matter contents are preferred.

As new high intensity combustion and gasification technologies are developed and 
adopted, new concepts and approaches for removal of mineral matter from the reactors 
are emerging. Reaction systems now exist which are designed to remove inorganic species 
as solid particulates, such as flyash, as liquid slags and in volatilised forms. Coal quality, 
particularly the volatile yield under process conditions and the amount and nature of the
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mineral matter, will have a strong effect on coal selection and utilisation in these high 
intensity processes.

Where mineral matter is to be removed from combustors or gasifiers as a liquid slag, the 
chemical nature of the mineral species and their ability to form a manageable slag with 
satisfactory viscosity/temperature relationships is clearly of vital importance. While it is 
desirable to minimise the loading of fluxing agents which are admitted to the reactor, most 
of the new, high temperature slagging gasifiers and combustors are designed to allow 
regulated additions of these materials to the coal feed. It is therefore likely that expensive, 
highly cleaned coals with mineral matter levels less than about 6-10% will not find large 
markets in these processes.
There are considerable research efforts targeted at utilisation of highly beneficiated coals, 
either in dry or slurry form, in high intensity applications such as direct fired coal turbines 
and slow burning engines. These processes, particularly the former, are very susceptible to 
corrosion, erosion and deposition of mineral species in the high temperature parts of the 
system. Coals which are naturally low in mineral matter, such as Australian brown coals, 
after moderate upgrading using a hydrothermal de-watering process, have provided 
encouraging results in a pilot scale direct fired turbine [30]. Further beneficiation by acid 
washing of the coal is being considered as a possible means of improving turbine 
performance.
Where mass transfer rates control coal combustion or gasification rates, reduction or 
removal of the mineral matter content, and any consequent alterations to the pore 
structure of the coal, will not affect reaction rates. It will increase the energy content per 
unit mass of fuel used and decrease the thermal inefficiencies associated with the heating 
and slagging of the mineral components. Heat losses due to the latter effects are a 
relatively minor component of the overall heat balance of a slagging gasifier [14].

However, as noted above, it is not yet established that chemical reaction rates do not have 
a significant impact on coal conversion in high temperature, high pressure gasification 
processes, especially for very fine particles. It is possible that alterations of coal maceral 
composition and porosity which may result from physical and chemical beneficiation 
processes could be reflected in changes to coal reaction rates and hence, reaction 
intensities.
While little data is available on coal gasification rates under high temperature, elevated 
pressure conditions, data on the effects of coal cleaning on these rates are even fewer.

CSIRO has made some preliminary measurements on the effects of coal cleaning on coal 
structure and reactivity of the resultant chars to carbon dioxide, steam and oxygen at 
atmospheric pressure and temperatures sufficiently low to ensure chemical reaction rate 
control. Pore size distributions, determined by mercury intrusion porosimetry, for 
inertinite and vitrinite concentrates prepared from an Australian bituminous coal are 
shown in Figure 7 [31]. Similar measurements were made on the same samples after the 
mineral matter was removed by dissolution using a HF/HC1 wash. Prior to 
demineralisation, the ash yields of the vitrinite and inertinite concentrates were 1.1 and 
19.5% w/w respectively. Acid washing reduced the ash content of both samples to less 
than about 0.1%. As anticipated, given its very low initial mineral matter content, the pore 
structure of the vitrinite sample was not affected significantly by the acid washing 
treatment. Removal of the mineral species from the inertinite sample resulted in the 
formation of a large pore volume associated with pores of radius less than about 1pm.
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These pores, being approximately an order of magnitude smaller than the mean particle 
size of pulverised coal could be expected to survive the grinding process and present a 
relatively extensive surface area which would be available for gasification or combustion 
under chemical rate controlled conditions. Under such circumstances, the reactivity of this 
coal would be expected to increase as a result of the mineral dissolution treatment.

In a separate series of experiments [32], the reactivity to carbon dioxide, steam and 
oxygen of chars produced from similarly demineralised coal maceral concentrates, and 
from the parent material, were determined. Rate measurements were carried out using a 
small fixed bed of char (~l-2g) under conditions known to be free of mass transfer 
limitations. The apparatus and techniques used to perform these measurements have been 
developed at CSIRO and are described in detail elsewhere [28, 33-35].

The reaction rate of the untreated char with CO2 was less than that observed with steam 
by a factor of about 10 and several orders of magnitude less than that of the char-oxygen 
reaction. For the purposes of the present discussion, as it is the most likely to be 
chemically rate controlled at any given set of reaction conditions, it is sufficient to 
consider the effects of demineralisation on the reactivity of the slowest reaction: the char- 
CO2 reaction.

Figure 8 shows the reaction rates of the untreated char, demineralised char and 
demineralised inertinite and vitrinite concentrates with CO2 (1 atm.) between about 750 
and 900°C. The data correspond to char burnouts of 11-12% for the untreated char and 
the chars prepared from the demineralised maceral concentrates. The data for the 
demineralised whole char were obtained at approximately 17% bum off. The char 
produced from the demineralised coal has a greater reaction rate, by a factor of about 2.5, 
than the char produced directly from the parent coal. The inertinite and vitrinite chars 
(demineralised) have respectively greater and lower reactivities than the demineralised 
whole char. The demineralised parent coal contained approximately 36 and 62% vitrinite 
and inertinite respectively. The vitrinite and inertinite maceral concentrates contained 
approximately 80 and 87% of their respective maceral types.

The activation energy of the reaction, determined from the slope of the lines shown in 
Figure 8, was approximately 240 kJ/mol, was unaffected by the demineralisation treatment 
and was the same for the vitrinite and inertinite chars. The surface area (N2, BET) of the 
chars was measured at the same extent of reaction as the rate data in Figure 8 was 
collected. The values determined for the surface area of the chars were qualitatively 
consistent with the trends observed in Figure 8. The surface area of the whole char 
(demineralised) and the vitrinite and inertinite chars were 115, 75 and 120 m^/g 
respectively.

These results are consistent with the trends shown in the porosity data given, albeit for a 
different coal, in Figure 7 and confirm the earlier suggestion that physical and/or chemical 
coal cleaning treatments could be expected to alter coal reactivities in combustion and 
gasification processes where the particular reaction schemes and process conditions give 
rise to chemical reaction control rather than diffusion limited conversion rates. These 
conditions are most likely to be encountered for small coal particles in gasification systems 
where chemical reaction rates (chiefly C-CO2 and C-H2O) are considerably less than 
those encountered for high intensity reactions with oxygen alone.
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Conclusions
Combustion rates of pulverised coal particles larger than about 100pm, burning under 
high intensity conditions are generally controlled by mass transfer and can be described 
satisfactorily using established diffusion theory and known physical data. For smaller 
particles, the rate of chemical reaction becomes important, even at the high temperatures 
commonly associated with pulverised coal combustion systems.

Where combustion is controlled by mass transfer, the burning rate is independent of 
system pressure and is only slightly sensitive to variations in reaction temperature. 
Increasing the pressure of high intensity systems under these circumstances allows coal 
throughputs to be increased in direct proportion.

The emergence of new high intensity combustion and gasification technologies imposes 
new coal quality requirements, particularly on the nature and amount of mineral matter 
which can be tolerated. While reduction of coal mineral matter contents through advanced 
beneficiation procedures will not affect combustion efficiencies in systems where burning 
rates are at their diffusion limit, the behaviour of ashes, slags or volatile inorganic species, 
which are critical in these technologies, may be directly affected. Coal beneficiation may 
also alter the organic composition and/or the pore structure of the coal which can have 
important effects on combustion and gasification rates where diffusion limits have not 
been reached.

Acknowledgements

The reactivity measurements for the demineralised maceral concentrates were performed 
by Dr J-Y. Chen and Dr H. Weng while visiting CSIRO in 1991/92. Mr Ralph Tyler kindly 
made available unpublished porosimetry data on the effects of mineral matter dissolution 
on coal pore structure. The authors wish to thank NEDO and GIDLH for inviting Dr. 
Harris to visit Japan and for supporting his attendance at this meeting.

References

1. S. Badzioch and P.G.W. Hawksley, "Kinetics of Decomposition of Pulverised Coal 
Particles", Ind. Eng. Chem. ProcessDes. Dev., 9, 521, (1970).

2. T. Suzuki, R. Hirose, K Morimoto and T. Abe, "High Intensity Combustion of Coal 
for Application to a Blast Furnace", Twentieth Symposium (International) on 
Combustion, The Combustion Institute, Pittsburgh, 1419, (1984).

3. W.P.,Hutney, G.K. Lee and J.T. Price, "Fundamentals of Coal Combustion During 
Injection into a Blast Furnace", Prog. Energy Combust. Sci., 17, 373, (1991).

4. Y. Iwanaga, "Investigation on Behaviour of Unburnt Pulverised Coal in Blast 
Furnace", I SIJ International, 31, 494, (1991).

5. R.H. Essenhigh, "Fundamentals of Coal Combustion", in Chemistry of Coal 
Utilization, 2nd Suppl. Vol., M.A. Elliot (Ed ), John Wiley, 1153, (1981).

6. M.F.R. Mulcahy and I.W. Smith, "Kinetics of Combustion of Pulverised Fuel: A 
Review of Theory and Experiment", Rev. Pure andAppl. Chem., 19, 81, (1969).

63



7. M.W. Thring and R.H. Essenhigh, "Thermodynamics and Kinetics of Solid 
Combustion", in Chemistry of Coal Utilization, Suppl. Vol., H.H. Lowry (Ed.), John 
Wiley, 754, 1963.

8. M.A. Field, D.W. Gill, B.B. Morgan and P.G.W. Hawksley, "Combustion of 
Pulverised Coal", The British Coal Utilisation Research Association, Leatherhead, 
1967.

9. I.W. Smith, "High Intensity Combustion of Powdered Coal", in Coal Research in 
CSIRO, No. 27, 7, 1965.

10. H R. Hazard and F.D. Buckley, Trans. Am. Soc. Mech. Engrs., 69, 729, 1947.

11. I.W. Smith and R.J. Tyler, "Internal Burning of Pulverised Semi-Anthracite: the 
Relation between Particle Structure and Reactivity", Fuel, 51, 312, 1972.

12. I.W. Smith, "The Combustion Rates of Coal Chars: A Review", Nineteenth 
Symposium (International) on Combustion, The Combustion Institute, Pittsburgh, 
1045, (1982).

13. British Coal Utilisation Research Association, Annual Report, 1969.

14. H. Moritsuka and T. Hamamatsu, "Evaluation Method of Coal Gasification 
Combined Cycle Power Generation Plants Performance and Gasification 
Characteristics", CRIEPI Report No EW 89001, 1989.

15. J.G. Peacey and W.G. Davenport, "The Iron Blast Furnace: Theory and Practice", 
Pergamon Press, 1979.

16. HR. Hoy, A.G. Roberts and D M. Wilkins, "Coal Combustion", (Ch. 4), in Open 
Cycle MHD Power Generation, J.B. Heywood and G.J. Womack (Eds ), Pergamon 
Press, 261, 1969.

17. J.H. Holden, G.R. Shrimbeck, J.P. McGee, L.F. Willmott and L.L. Hirst, U.S. Bur. 
Mines Rep. Invest. No 5573, 1960.

18. HR. Hoy, A.G. Roberts and DM. Wilkins, "Behaviour of Mineral Matter in 
Slagging Gasification Processes", I.G.E. Journal, 444, 1965.

19. N.M. Laurendeau, "Heterogeneous Kinetics of Coal Char Gasification and 
Combustion", Prog. Energy Combust. Sci., 4, 221, 1978.

20. R. Aris, "On Shape Factors for Irregular Particles: I, The Steady State Problem.
Diffusion and Reaction", Chem. Eng. Sci., 6, 262, 1957.

21. I.W. Smith, D.J. Harris, M.G. Valix and D.L. Trimm, "Mass Transport and Carbon 
Reactivity at High Temperatures", in Fundamental Issues in Control of Carbon 
Gasification Reactivity, J. Lahaye and P. Ehrburger (Eds ), Kluwer Academic 
Publishers, 49, 1991.

22. M.A. Field, "Rate of Combustion of Size Graded Fractions of Char from a Low 
Rank Coal between 1200 and 2000K", Combust. Flame, 13, 237, 1969.

23. H. Farzan and R.H. Essenhigh, "High Intensity Coal Combustion", Nineteenth 
Symposium (International) on Combustion, The Combustion Institute, Pittsburgh, 
1105, (1982).

64



24. D-H. Liu, AM. Zghoul, Z. Li, B-S. Tan, K.L. Lockwood and R.H. Essenhigh, 
"High Intensity Combustion of Coal with Water Injection", Combust. Flame, 63, 49, 
1986.

25. T. Suzuki, L.D. Smoot, T.H. Fletcher and P.J. Smith, "Prediction of High Intensity 
Pulverised Coal Combustion", Combust. Sci. Tech., 45, 167, 1986.

26. H.M. Cassel, "Some Fundamental Aspects of Dust and Flames", U S. Bur. Mines 
Rep. Invest. No. 6551, 1964.

27. P.L. Walker Jr., F. Rusinko Jr., and L.G. Austin, "Gas Reactions of Carbon", 
Advan. Catalysis, 11, 133, 1959.

28. D.J. Harris and I.W. Smith, "Intrinsic Reactivity of Petroleum Coke and Brown 
Coal Char to Carbon Dioxide, Steam and Oxygen, Twenty-Third. Symposium 
(International) on Combustion, The Combustion Institute, Pittsburgh, 1185, (1990).

29. J.G. Smith, I.W. Smith and R.J. Tyler, Intrinsic Reactivity and Structural 
Development of Petroleum Coke During Gasification in O2, CO2 and H2O", Int. 
Conf. on Coal Science, Tokyo, 293, 1989.

30. B. Anderson and T.R. Johnson, "Hydrothermal Dewatering of Low Rank Coals for 
Use in a Direct Fired Turbine", Proc. Third Japan/Australia Joint Technical Meeting 
on Coal, May, 1993.

31. R.J. Tyler, unpublished results, private communication, CSIRO Div. Coal and 
Energy Tech., 1993.

32. D.J. Harris, J-Y. Chen and H. Weng, unpublished results, CSIRO Div. Coal and 
Energy Tech., 1992.

33. R.J. Tyler, HJ. Wouterlood and M.F.R. Mulcahy, "Kinetics of the Graphite-Oxygen 
Reaction near 1000K", Carbon, 14, 271, 1976.

34. R.J. Tyler, "Intrinsic Reactivity of Petroleum Coke to Oxygen, Fuel, 65, 235, 1986.

35. D.J. Harris and I.W. Smith, "Intrinsic Reactivity of Coke and Char to Carbon 
Dioxide", Am. Chem. Soc. Div. Fuel Chem. Prepr., 34, (1), 94, 1989.

65



10 0°

Calculated residence time (msec)

Figure 1 Effect of residence time and pressure on combustion efficiency in a pressurised 
combustor. (From Smith [9]).
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