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1. Introduction

Coal comminution which takes place in the combustion chamber of a fluidized bed boiler 
is one of the basic parameters of combustion efficiency and a level of pollution emission. It 
has been still the subject matter of research (Gajewski & Kosowska, 2004; Gajewski & Kijo-
Kleczkowska, 2007; Kijo-Kleczkowska, 2012). This is of particular significance in this type 
of boiler for the sake of the continual contact of the coal particles with a dispersed bed as well 
as the high flow of gas velocity across a reactor. Direct mechanisms that reduce the size of 
a particle and also influence the loss of coal combustion are complicated (complex) and are 
not entirely known. There are a lot of parameters that may have an effect on the comminution 
process considering the coal properties and combustion conditions are first of all an increase 
(gain) of fluidization velocity which intensifies the ratio of generating fine material due to the 
increased number of collisions at a unit of time and the amount of material removed from a particle 
during a collision.

In the opinion of Chirone, Massimilla and Salatino (1991), comminution in the combustion 
chamber of fluidized bed may be considered as a result of four phenomena as follows:

– primary fragmentation,
– secondary fragmentation,
– fragmentation by uniform fragmentation,
– erosion.

These phenomena are run throughout the whole course of combustion from the moment 
of the coal particles entering into a combustion chamber to its complete burnout or elutriation 
from the boiler. All these phenomena proceed simultaneously for a greater proportion of time 
as shown in Fig. 1. 

According to Blinichev (1968) erosion is a phenomenon by which fine particles are abraded 
from the surface of the mother particle by wearing against bed solids and combustor walls and 
internals. 

In the opinion of Basu and Fraser (1991) they are smaller than 100 mm. In contrast to ero-
sion, primary and secondary fragmentations break up coal particles into relatively large pieces 
with negligible production of fine particles (Fig. 2). The primary fragmentation takes place 
during devolatilization as a consequence of the increase of gas pressure in the pore network of 
a coal particle. The second fragmentation results from the weakening and breaking up of bridges 
connecting the elements of a char particle during its process of burning out. The third form of 
fragmentation takes place in the further stage of combustion when the process is entirely controlled 
by the internal surface reaction. Under these conditions, the structural connectedness of particles 
suddenly collapses due to pore enlargement and coalescence. An important ascertainment is 
that the erosion generates fine particles of size <d*, which by means of gas velocity typical for 
circulating fluidized bed are elutriated from the connectedness reactor. In contrast, the particles 
generated by fragmentation are >d*. Fragmentation by uniform percolation may enhance coal 
loss only in the case of comparable coal particle densities of d** > d*. Thus, neither primary 
nor secondary fragmentation directly participates in the generation of elutriable particles. This 
is a very significant fact that eliminates the contribution of fragmentation to the increase of the 
loss of incomplete combustion. Hence, the coal loss from the combustor can cause only erosion 
as a result of the elutriation of unburnt particles <d*, or possibly by uniform percolation. Never-
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theless, the authors emphasize that fragmentation indirectly affects the combustion efficiency by 
changing the size of a coal particle and the surface exposed to erosion. Thus, all the phenomena 
should be taken into account in the design models of continuous fluidized bed combustors. 

Both Ross (1979) and Donsi at al. (1981) during the course of their experiments observed 
that the number of char particles collected per unit of time at the cyclone of continuously oper-
ated combustor was in terms of magnitude larger than the number of coal particles charged into 
the combustion chamber at the same time. A rather large amount of tests were carried out on 

Fig. 1. Phenomena of comminution of an individual coal particle (Chirone et al., 1991)

Fig. 2. Fragmentation and erosion mechanism
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ditions in the central and upper fluidized combustor, as well as the recording of the mass loss of 
burning coal. The tests on the erosion process of a coal particle during combustion were carried 
out using a test stand as shown in Fig. 3 

The main elements of this test stand are as follows: a ceramic combustion chamber of the 
size of 80×100×120 mm (9) and an acceleration pipe with a vessel of inert material (1). The total 
power of the test stand was 20 kW. The front wall of chamber was made of quartz glass in order to

Fig. 3. The scheme of test apparatus. (1) vessel of inert material, (2) gas mixer, (3) PC-computer, (4) control 
panel, (5) rotametres, (6) gas heater, (7) ventilator, (8) T-connector, (9) combustion chamber, (10) coal particle, 

(11) tensometric branch scale, (12) support, (13,15) technical gases, (14)-reducer 

Fig. 4. Layout of combustion chamber with ways of feeding inert material, gas and coal particles
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derwent shortening from 16% to 48%, which in turn indicates that the particle mass loss in the 
flow of inert material characterizes significantly more intensity. Precise analyses of the chosen 
coal types for the tests presented in Pelka (2009), Pelka (2013) show that the strongest parameter 
which accelerates coal type particle mass loss was the amount of ash in the coal. The curve of 
coal mass loss of type 34.2 from Pokoj mine had a few points of inflexion during the registered 
process. This saccadic mass loss is due to the process of secondary fragmentation (Gajewski & 
Kosowska, 2007; Kosowska et al., 2012). The clear shortening of the overall time mass loss of 
the other coal particles is merely the effect of the influence of the flow of inert material coming 
into contact with the combusted particle.

Further increases in the mass rate flow of inert material to Gs = 5 kg/m2s (Fig. 5c) intensi-
fies the mass loss by a further 20% in the case of all the hard coal types and 30% for lignite coal. 
Thus, increasing the mass rate flow of inert material shortens the overall time of mass loss both 

a)   

                                             540s         
 

                                900s
 

b)    

                                     360s            
 

                  5520s 
 

  10s                                          30s                                            70s

   10s                                           30s                                          70s         

Fig. 6. Individual combustion phase of a coal particle from Sobieski mine (a) in the air (b) 
in the flow of inert material
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in the range of char combustion and volatile matter. In order to carry out a detailed analysis of 
the causes of the accelerated mass loss of combusted coal particles in the flow of inert material in 
both tested conditions a number of pictures of combustion process of particle were taken through 
the peephole of the combustion chamber. In the pictures (Fig. 6), the combusted coal particle 
from Sobieski mine is shown from the firing stage to its overall burning out with the time period 
of the particle remaining in the combustion chamber (at the bottom). During the observation of 
the next phases of combustion, we can see substantial differences in the case of combustion in 
a two-phase flow (Fig. 6b) in relation to combustion in the air (Fig. 6a). After putting a particle 
into the combustion chamber in the presence of inert material it is heated faster as a result of 
contact with solid material that is heated to the temperature of the combustion chamber, which 
is also faster as within 10s the process of the ignition of the volatile matter is observed. After 70s 
the process of the combustion of volatile matter is completed, although in the atmosphere of air 
this runs completely. Likewise, the shape of the flame is also different, which together with the 
two-phase flow is directed down the combustion chamber. 

The following difference observed in relation to combustion in the air is the lack of ash on 
the surface of a burning coal particle during the phase of char combustion, which indicates that 
the stream of inert material removes the incombustible part of coal from the particle surface that 
is revealed during combustion. The lack of ash on the reactionary surface simplifies the com-
bustion process, by accelerating the registered mass loss and making contact with the surface of 
the char solid particle removing the fine coal particles, which is illustrated in Fig. 7a. Moreover, 
a frequently observed regularity was that of the break-up of a particle as a result of the mechani-
cal influence of the bed particles in the final stage of the process. It indicates the role of inert 
material in increasing the probability of secondary fragmentation of a coal particle (Fig. 7b). 

Fig. 7. Images of erosion and fragmentation processes of coal from Czeczot mine 

The results obtained during the experiment indicated that the mass rate flow of Gs is an 
important parameter of the determined mass loss of combusted coal particle. However, some 
limiting value of mass rate flow was noticed, which after exceeding this value the rate of the 
mass loss stabilized at an approximate level. This value was close to Gs=4 kg/m2s. The time of 
the overall mass loss of the tested coal particle in terms of the function of mass rate flow in the 
analysed sphere is presented in Fig. 8.

The measured mass loss of particle burning in the atmosphere of air and then in the flow of 
inert material enabled the stipulation of the average, or sum value resulting from both the com-
bustion and mechanical effect combined, while subsequently combustion and erosion separately 
for the different values of Gs (Pelka, 2009). The results proved the previous observations that 
the greatest intensity of mass loss occurs in the range 0 < Gs > 4 kg/m2s. Further increases in Gs 
accelerates the mass loss less and less. The approximate values of the mass loss rate, 6-14×10–7 
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Fig. 9. Mass loss of coal particle measured during the experiment (-e) and from the numerical model (-m) 
by volume oxygen contribution at 21%, 30% and 40% respectively
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Fig. 11. Obtained from the experiment (-e) and corrected numerical (-m) mass loss of coal particle in flow of 
inert material increased by 30% and 67% of Sherwood number

5. Conclusions

The results presented in the paper obtained on the basis of large-scale experiment confirmed 
the previously known opinion that the combustion of coal in a fluidized bed is characterized by 
a greater intensity of combustion in relation to combustion in the air atmosphere. This greater 
intensity was observed for all the tested hard and lignite coals. The difference is first and foremost 
related to the amount of ash in raw coal. Coal with a higher amount of ash possesses larger sus-
ceptibility for accelerated mass loss. Contact of the char particle with the particle of inert material 
simplifies and intensifies the process of coal combustion mainly as a result of removing the ash 
of the particle forming on the char particle surface which is important information that indicates 
the possibility of burning very low quality solid fuel in the fluidized bed, thus guaranteeing the 
complete burnout of the particle. The results of experiments did not confirm the meaningful role 
of erosion in the intensification of mass loss of burning particle depending on the generation of 
fine coal particles from the mother surface particle as described in literature. This does not mean 
that this process does not occur. However, its role in the mass loss is small and strongly related 
to the combustion process. Taking account of the time period of the fuel particle remaining in the 




