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Observation of Coal Fragmentation in Early Stages of Combustion 

Cheoi  H w a n  Lee* and Soo Young No** 
(Received March 17, 1994) 

Measurements of coal fragmentation in the early stages of combustion were undertaken in the 

size range of crushed coals for Chinese Dongjin and Indonesian Roto coals. A flat flame burner 

led with a premixed mixture of methane, air and partly hydrogen was used for the burning of 

a single coal particles. A high speed xideo camera system was used for the observation of coal 

t'ra!,,,mentation during approximately 80 msec. Fragmentation is consistently obser,,ed in the 

controlled combustion environment over a gas flame temperature range of 1220 K ~ 1320 K. The 

data indicate that a single coal particle often disintegrates into two, three, and sometintes more 

fragments. The dominant mechanisim of fragmentation is that producing txso fragments in 

prirnary fragmentation. The Dongjin coal breaks up more extensively than the Rotocoal with 

the frequency of fragmentation exhibiting a strong particle size dependence and a weaker gas 

flame temperature dependence. The mean time of primary fragmentation for the Dongjin coal 

falls to between 10 msec and 20 msec and does not remarkably vary with particle size and gas 

flame temperature. The mean time of primary fragmentation for the Roto coal is strongly 

dependent on the particle size, whilst shows less gas tlame temperature dependence. 

Key Words: Coal Fragmentation, Primary Fragmentation, Fragmentation Frequency, Mean 

Fragmentation Time, High Speed Motion Analysis System 

I. Introduction 

Cych)ne combustors used centrifugal forces to 

suspend burning fuel particles according to their 

size in equilibrium against the drag of inwardly 

spiralling air, thus increasing their residence time 

relative to that of the gas. Large particles may, 

however, be flung to the walls before being com- 

pletely burnt. On the other hand, some fine parti- 

cles may be convected out of the system very 

rapidlylGupta et al., 1984: Lawn, t987). The size 

of fuel particle is, therefore, one of important 

parameters in designing cyclone combustors. 

Data in the literature for the development and 

analysis, of non-slagging cyclone combustors 
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show that best performance in terms ot" carbon 

burnout and ash retention is obtained with cru- 

shed coals in the size range of d,,, 200--400 tzm 

~ith 90%.,I mm(Morgan et al., 1988). Study of 

the fundamental processes has shov, rn the crucial 

importance of particle fragmentation in predict- 

ing pollutant emission, ash retention and carbon 

burnout m non-slagging units(No and Syred, 

1990). The crushed coals were, therefi~re, selected 

['or the observation of coal fragmentation in this 

study. 

The previous fragmentation studies can be 

classified as in the fluidised bed combustion and 

in the pulverised combustion during devolatilisa- 

tion and char combustion. Tile fragmentation of 

coal particle has been mostly recognized in the 

context of fluidised bed combustor and a review is 

available (Beer, 1988). Numerous experimental 

observation and theoretical analysis for char frag- 

mentation can be found in the literature and 

reviews are available(No, 1990: Baxter, t992). 

Fragmentation behaviour in coal combustion 
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depends basically on coal type, ash distribution 

and chemical composition, and also on physical 

properties and combustion conditions. In addi- 

tion, fragmentation behaviour in char combustion 

significantly afti~cts the formation of fly ash and 

affects both the mean and variance of char burn- 

ing time. 

Several studies have experimentally quantified 

the processes which take place during the early 

stages of single coal particle combustion{ McLean 

et al.. 1981, Choi, et al., 1991, 1992). Little atten- 

tion has been, however, paid to the fragmentation 

during the coal particle heat up and devolatalisa- 

tion 13rocesses. Experiments in this study were, 

therefbre, carried out to quantify the fragmenta- 

tion in the early stages of coal combustion during 

which coal particles heat up and devolatilise. The 

purpose of this study is to investigate the mode of 

fragmentation, fragmentation frequenc~ and its 

time as a function of coal type and gas flame 

temperature. In this paper, the term fragmentation 

encorapasses all phenomena that produce more 

than a single flame from a coal particle through 

the direct observation of visual images. ]-he distic- 

tion between the apparent volatile flame and the 

partMe flame was based on the assumption of 

short burning time of volatile flame(McLean et al. 

1981). 

2. Experiments 

A flat flame burner with a syringe type coal 

feeder and a high speed video camera system were 

used in this study, Fig. 1. The experiments were 

undertaken at atmospheric pressure in oxidizing 

environment provided by a burner fed with 

premixed mixture of methane, air and partly 

hydrogen. This burner is a similar type one 

described by McLean et a1.(1981) and Choie t  al. 

(1991). The flame is formed immediately down- 

stream of a 45 mm diameter brass plate. Approxi- 

mately 350 holes of 1 mm diameter were drilled 

with 2 mm spacing on the plate. Coal particles are 

injected into the reactor in a dilute single stream 

on the centerline of the reactor through a 3 mm 

diameter capillary tube which partially protrudes 

through the burner grid. Crushed size-graded coal 

particles were supplied to the capillary tube by a 

syringe type coal feeder. To provide uniform 

particle feeding into the reactor, the tube was 

regularly stuck by a rod driven by a motor. 

Tile axial and radial temperature distributions 

in the burner without coal supply were measured. 

The axial temperature gradient is approximately 

- 500 K/100 mm due to heat loss to the surroun- 

dings. Within the first 150 mm of the burner 

surface the raidial temperature profile is, how- 

ever, nearly flat within •  

Two different coals, called Dongjin(China) 

and Roto(Indonesia) coals following the name of 

supplier, were tested in this study. The proximate 

analysis of coals including the heating value is 

shown in Table 1. The coals were prepared for 

these experiments by grinding and impact milling. 

The sample coals were classified as four size 

bands of sieve mesh number of 140--70( 106~212 

/~m), 70-45(212~355  ~tin), 45~35(355~500 /z 

m), and 35--25(500~710 fLm). 
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Fig. 1 Schematic diagram of experimental apparatus 

Table  1 Typical properties of coals used 

Dongjin 

Proximate 

analysis 

Heating value 

(kJ/kg) 

Moisture 

Volatile matter 

Fixed carbon 

Ash 

3.99 

25.68 

58.55 

II ,78 

24989 

Roto 

11,83 

46.83 

39.80 

1.54 

22038 
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A high speed video camera system was used ['or 

the observation of coal fragmentation during coal 

particle heat up and early stages of combustion. A 

high speed motion analysis system(KODAK 

Ektapro 1000) enabled to record visual images at 

a rate up to 1000 frames per second. The overall 

experimental technique for high speed motion 

analysis system is described more fully in the 

literature(Choi et al+, 1991, 1992). In this experi- 

ment, a typical particle could be observed for 

approximately 80 msec. The experiment was du- 

plicated 50 times for the different coals and gas 

flame temperatures of 1220 K, 1270 K and 1320 K 

with oxygen concentration of 14.3%, 12.1% and 2. 

6% respectively. It should be noted that the 

selected temperatures and oxygen concentrations 

were measured by the gas analyzer( IRM gas 

analyzing computer 3000P) at the first 5 mm 

above the burner surface and in the centerline. 

The gas flame temperature was selected here to 

simulate the rapid heat up and devolatilisation 

processes which occur during crushed coal com- 

bustion in the upper part of vertical non-slagging 

cyclone combustor(Morgan, 1990). 

3. Results and Discussions 

The single tlame of the selected coals have been 

tested in the flat flame burner. Processes which 

occur during early phase of coal combustion have 

been directly observed and recorded by high 

speed motion analysis system. Various physical 

phenomena related to coal fragmentation have 

been identified. 

Figure 2 shows the edited photographs of typi- 

cal mode of fragmentation for different coal 

particle sizes and gas flame temperatures. When a 

single coal particle enters the post flame region, is 

heated and is ignited, bright luminous flames are 

observed around the particle. Fragmentaton is 

consistently observed in the controlled combus- 

tion environment in the experimental conditions. 

From (a) it is found that fragmentation producing 

two fragments occurs at [0 msec for the Roto coal 

at 1220 K. Two particle flames are visible until 

about 30 msec and eventually they make a single 

flame as reaction is progressed. This is probably 

due to the slip velocity between the particle and 

the gas, This kind of framentation mode can be 

classified as percolative fragmentation(Beer, 

1988). The different type of fragmentation for the 

Roto coal at 1320 K is shown in Fig. 2(b). It is 

found from the figure that flames of volatile cloud 

around the particle is formed immediately after 

ignition of coal particle due to evolution of vola- 

tiles. The size of the apparent volatile flame is 

gradually increased as reaction is progressed and 

then decreased in later stages. Two fragments 

were produced at 21 msec in the central part of 

flame. 

The typical modes of fragmentation for the 

Dongjin coal are shown in Figs. 2(c) and (d). In 

Fig. 2(c) the single particle flame is elongated 

along the direction of the particle path and then 

ultimately volatile flame, lifted off from the parti- 

cle, is formed. Volatile flame lifted off from 

particles was occasionally observed. This is prob- 

ably due to the buoyancy effect of the volatile 

cloud or the slip velocity between the particle and 

the gas(Choi et al., 1992). When two flames were 

formed, the separated flame may include the jet- 

ting of combustibles from individual pores, and 

the condensed material formed by volatile matter 

which eventually separate from the particles. In 

this study the separted flame which does not 

persist for more than 3 msec is treated as the 

volatile flame under the assumption of short 

burning time of volatile flames(McLean et al., 

1981). The volatile flames lifted off from particles 

were, therefore, not counted as a particle fragmen- 

tation owing to the overprediction of the extent of 

coal fragmentation, in this case, small two frag- 

ments seperated from the main particle which 

may contain char or ash particle is found at 42 

msec by the precise observation and thus this kind 

of data were included in the fragmentation. More 

than three fragments are produced at 5 msec 

around the particle for the Dong.jin coal at 1320 

K, as shown in Fig. 2(d). This is probably due to 

the thermal stresses or internal pressure generated 

within a coat particle in the initial heating period 

of coal combustion. 

Figure 3 shows the distributions of number of 

fragments with the variation of gas flame tempera- 
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(a) 1220 K 

(500~710~) 

Fig. 2 

29 

25 
t 

O 

O 

O 

O 

41 

38 

33 

! 

t 

J 
J 
4 
J 

41 

0 

, 

qr 

t 

t 

o 

t 

O 

O 
o 

�9 aNi' 

(b) 1320 K (c) 12"20 K (d) 1320 K 

(212 ~ )  0 06 ~ 212tJ) (3.~ ~ 500~m) 
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lure and particle sizes for the Dongjin coal. It is 

found from this figure that a single coal particle 

often disintegrates into two, three and sometimes 

more fragments. All particle size bands consid- 

ered here show a secondary fragmentation even 

though the frequency of such fragmentation is not 

significant. The frequency of secondary fragmen- 

tation is increased with the increase of gas flame 

temperature and with the decrease of particle size. 

The dominant mechanism of fragmentation is that 

producing two fragments in primary fragmenta- 

tion, indicating that frequency of it is increased 

with the decrease of particle size. 

The distributions of fragment numbers and 

frequency of primary and secondary fragmenta- 

tion for the Roto coal are shown in Fig. 4. The 

distributions of two fragments in primary frag- 

mentation for all particle sizes considered are 

similar to those of bituminous coal  A secondary 

fragmentation is rarely found. The data from Fig. 

3 and Fig. 4 indicate that two fragments are 

mostly produced in primary fragmentation and 

the increase of gas flame temperature affect on the 

increase of fragmentation frequency lbr both coals 
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considered. 

Figure 5 illustrates the resulting cumulative 

frequency in primary fragmentation for the 

selected coals at the gas flame temperature of 1320 

K. The cumulative fragmentation frequencies in 

primary fragmentation are remarkably similar in 

slope for both coals, indicating that frequencies 

for the Dongjin coal exceed that for the Roto coal 

over the particle size range considered. The fre- 

quencies for larger than 300/tm particles for both 

coals show little variance due to relatively short 

observation time comparing with the burning 

time of larger particles. The data for both coals 

were obtained in which 10--50% of a single coal 

particle breaks up within 80 msec after ignition. 

Figure 6 shows the effect of particle size on the 

mean fragmentaton time for the Roto coal. In this 

article, the mean fragmentaton time was defined 

as the arithmetic mean time in primary frag- 

mentaton. The measurements of primary and 

secondary fragmentaton time showed consider- 

able scalier. The mean time of primary frag- 

mentaton, however, is not varied remarkably with 

the ',ariation of gas flame temperature in a given 

particle size, as shown in Fig. 6, The particle size 

strongly affects on mean fragmentaton time, in- 

dicating that mean fragmentalon time is consider- 

ably decreased with an increase in particle size for 

larger than 300 /Lm diameter. This is due to the 

observation of fragmentation only during early 

stages of combustion, i.e. within 80 msec resi- 

dence time obtained from the present rig. 

Figure 7 illustrates the effect of particle size on 

the mean fragmentation time for the Dongjin 

coal. Variation in the mean fragmentaton lime is 

not significant with the increase of gas flame 

temperature and the particle size. It is found that 

the mean fragmentaton time falls to between 10 
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msec and 20 msec after ignition for a given gas 

flame temperature and particle size range. 

According to the theoretical analysis, devolatilisa- 

tion of a 250/zm particle starts at about 90--100 

msec (No and Syred, 1990). The data, therefore, 

indicate that fragmentation occurs early on in the 

devolatisation process. 

As noted above, it is clear that the gas tempera- 

ture and oxygen concentration varies with the 

axial direction and there may be the slip velocity 

between the particle and the gas. Those factors 

may affect the results obtained in this study. The 

present observation of coal fragmentation during 

coal heat up and early stages of combustion is, 

however, the first quantitative study of this phe- 

nomenon, although previous studies provided the 

possibility of it(Choi et al., 1992; McLean et al., 

1981). This study is still useful to analyse the 

devolatilisation process of coal combustion. 

Those who have reported extensive fragmenta- 

tion have almost exclusively investigated with 

large particles in devolatilisation process in the 

context of fluidised bed combustor or with small 

particles in char combustion process in relation to 

the fly ash formation and pulverised coal combus- 

tion. The results obtained in this work, therefore, 
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can be used to create a model of fragmentation in 

the early stages of crushed coal combustion and 

estimate the burning time of coal particles in a 

given conditions. The data in this study indicate 

that fragmentation in the early stages of small 

particles is crucial and should be taken into 

account in the engineering analysis of coal com- 

bustion. 

Clearly further study on the measurement of 

flame size, the variation of it, and particle temper- 

ature is required, including the coal fragmenta- 

tion as a function of oxygen concentration. 

4 .  C o n c l u s i o n s  

Experiments for the measurement of coal frag- 

mentation in the early stages of combustion were 

undertaken for the crushed coal in Chinese Dong- 

jin and Indonesian Roto coals. A small labora- 

tory-scale flat flame burner fed with a premixed 

mixture of methane, air and partly hydrogen was 

used for the burning of a single coal particles. A 

high speed motion analysis system was used for 

the observation of coal fragmentation for approxi- 

mately 80 msec. 

Important conclusions to emerge from this 

study of observation of fragmentation during the 

early stages of crushed coal combustion are: 

1. The dominant mechanism of fragmentation 

for both coals is that producing two fragments in 

primary fragmentation for a given surrounding 

gas temperature and particle size range. 

2. Coal particle sizes considered here for both 

coals show a secondary fragmentation phenome- 

non accompanied by secondary ignition although 

the frequency of such fragmentation is low, espe- 

cially for lignite. 

3. The Dongjin coal disintegrates more exten- 

sively than the Roto coal with the frequency of 

fragmentation exhibiting a strong surrounding 

gas temperature dependence and a weaker paritcle 

size dependence. 

4. The mean time of primary fragmentation for 

the Dongjin coal falls to between 10 msec and 20 

msec and does not remarkably vary with particle 

size and surrounding gas temperature. 

5. The mean time of primary fragmentation for 
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the Roto coal is strongly dependent on the parti- 

cle size, whilst shows less surrounding gas temper- 

ature dependence. 
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