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Chapter 1  Introduction  
 

This chapter describes the introduction of the present study, the research 

background, the aim of the study, research objectives, significance of the study, and the 

novelty of the present research. 

 

1.1 Introduction  

Among the various fossil fuels, coal continues to serve as an essential energy source 

because there remains an abundant supply of accessible deposits worldwide. One of the 

primary uses of coal is in the electrical power generation industry. Pulverized coal, which 

is utilized in many thermal-power stations, is a particularly notable example of the 

application of coal-power production; therefore, a fundamental understanding of the 

combustion characteristics of pulverized coal is necessary to improve fuel usage efficiency.  

In a pulverized coal combustion process, the pulverized coal is in the fineness 

particles form, and injected through burners into the furnace with combustion air. The fine 

coal particles heat up rapidly, undergo pyrolysis which the volatile matter released, and thus 

ignition takes place. Figure 1.1 shows the schematic of the pulverized coal combustion 

mechanism. In many thermal-power plants, coal-fired boilers combust pulverized coal 

 
Figure 1. 1 Schematic of pulverized coal combustion mechanism. 
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1.3 Research aims 

The present study aims to clarify the flame propagation behavior of pulverized coal 

particle clouds in coal-ammonia mixing combustion. Common bituminous coal and low 

ignitable coal were used in the mixing combustion. The study observed the ignition 

capability improvement of pulverized coal particle clouds by co-firing with ammonia as an 

energy carrier. Figure 1.3 shows the concept of ignition improvement of coal particles by 

mixing combustion of pulverized coal particles and ammonia. Compare to solid fuel, 

gaseous fuel combustion is faster. Expected that the ammonia flame will increased the 

ignition capability of coal particles. Thus, increased the flame propagation velocity of coal 

flame in the coal-ammonia mixing combustion. 

 

Figure 1.4 shows the schematic of a coal-fired power plant which the addition of the 

ammonia tank and the additional necessary equipment on the existing coal-fired power plant 

system.  Pulverized coal particles combusted in a turbulent environment in the burner zone. 

Therefore, the turbulence intensity was considered as an essential parameter in the present 

study.           

 
Figure 1. 3 The concept of ignition improvement of coal particles. 
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1.4 Objectives of the Study 

1. To clarify the effect of turbulence intensity on flame propagation behavior of coal 

particle clouds.  

2. To clarify the effect of coal fuel ratio on flame propagation behavior of pulverized 

coal particle clouds. 

3. To reveal the effect of the addition of ammonia on the ignition characteristics and 

flame propagation velocity of common bituminous and low ignitable coal particle 

clouds.  

 

1.5 Significance of the Study 

1. CO2 emission reduction by substituting part of pulverized coal particles by 

ammonia. 

2. Fuel cost reduction by being able to utilize low ignitable pulverized coal particles. 

 
Figure 1. 4 Schematic of pulverized coal-fired power plant with ammonia co-firing. 
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3. Improvement of energy security by being able to utilize low ignitable pulverized 

coal particles.  

 

1.6 Novelty of research 

1. Ignition and combustion of low ignitable pulverized coal particles by the co-

combustion of ammonia. 

2. Flame propagation behavior of pulverized coal clouds in a turbulent environment. 

3. Flame propagation behavior of ammonia in a turbulent environment. 
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Chapter 2 Litera ture review 
 

Chapter 2 describe the previous related study of pulverized coal clouds combustion 

in normal gravity and microgravity, spherical gaseous fuel combustion, ammonia 

combustion and turbulence flow field in combustion vessel. 

 

2.1 Coal combustion 

2.1.1 Flame propagation velocity of quiescent pulverized coal clouds 

According to pulverized coal particle clouds study, in a quiescent environment, coal 

particles concentration has a significant effect on the flame propagation velocity. Figure 2.1 

shows the effect of coal concentration on flame propagation velocity. In the quiescent 

environment, between coal concentration, G of 0.66 and 1.56 kg/m³, the higher coal 

concentration increased the flame propagation velocity [5]. 

The spherical coal cloud combustion study by T.Suda, et al.[2], investigates flame 

propagation of pulverized coal clouds for several types of coal (as shown in Table 2.1) in 

microgravity to ensure the quiescent environment. Figure 2.2 shows the unique 

 
Figure 2. 1 Displacement of flame front for various coal concentrations [5]. 
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experimental setup used for the microgravity experiment in drop tower facilities Japan 

microgravity center (JAMIC). Coal particle dispersion system consists of curling horn with 

a significant number of small holes. The pulverized coal particles dispersed into the 

combustion field by using a dispersion gas. The mixture ignited at the quiescent 

         Table 2. 1 Physical and chemical analysis of coal [2] 

 
]. 

 
Figure 2. 2 Schematic of experimental apparatus with curling horn [2]. 
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environment in microgravity condition. The spherical flame shape was obtained from the 

experiment in the quiescent environment as shown in Fig. 2.3. Figure 2.4 shows the coal 

concentration has a significant effect on the flame propagation velocity in a quiescent 

environment. The maximum flame propagation velocities were around coal concentration, 

G=1.3 kg/m³. It is a common understanding that coal concentration has a significant effect 

on flame propagation velocity in the quiescent environment and laminar flow [6-8]. 

The luminous flame front of pulverized coal clouds was easy to determined by direct 

observation using the high-speed camera. Flame propagation speed obtained by measuring 

the diameter of the flame front [2,9,10]. For lower volatile matter coal, flame propagates 

slower than higher volatile matter coal and the brightness of the flame also decreased [2].  

 
Figure 2. 3 Flame propagation in coal dust clouds particle diameter: 53-63 [2]. 

 
1]. 
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Bradley et al. [14] reported the experimental studies of premixed, turbulent, gaseous 

explosion flames in a fan-stirred bomb. The gaseous fuels are propane and methane. Figures 

2.9 shows flame contour for initial pressure of 0.1 and 0.5 MPa for various turbulence 

intensities. In a turbulent environment, for the spherical turbulent flame propagation, such 

irregular flame shape was observed as shown in Fig. 2.9. From the point of ignition, flames 

grow reasonably uniform, with a little crossing of contours, a consequence of either 

 
Figure 2. 9 Flame contour for representative propane-air mixture. The spark gap position 

was at coordinate (0,0) [14]. 
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convection of the whole flame or interaction with a large turbulent eddy that drives the flame 

front backwards [14]. 

 

2.3 Turbulence flow field generated by fans rotation  

  Smallbone et al. [15] reported the laminar and turbulent burning velocity of 

premixed hydrogen-air flame measured in fans stirred closed vessel. The turbulence flow 

field generated by counter-rotation of two identical fans, on the top and bottom of the vessel, 

as shown in Fig. 2.10. This approach was adopted to develop the experimental apparatus in 

the present study, which use the counter-rotation of two fans. 

 

Particle image velocimetry (PIV) measurement was employed to develop the 

turbulence intensity and fan speed correlation. A linear relationship between turbulence 

intensity and fan speed was obtained from the PIV measurement, as shown in Fig. 2.11.  In 

the center of the combustion vessel, the turbulence was considered homogeneous with no 

 
Figure 2. 10 Schematic of combustion vessel with two fans [15]. 
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regular bulk motions [15]. Goulier et al. [13] described the PIV measurements showed that 

homogeneous and isotropic turbulence created in the vessel by using several fans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. 11 Fan rotational speed versus turbulence intensity [9]. 
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approximately 6.2×10-3 m³ or 6.2 liters. A spark igniter composed of two stainless steel 

electrodes with a diameter of 1.8 mm mounted inside the chamber with a spark gap at the 

center of combustion field. The spark gap which is the distance between the two sharp tip 

electrodes was set to 2 mm, where the gap within 1 to 3 mm is suitable to generate accurate 

spark energy [16]. A capacitor discharge ignition (CDI) circuit was adopted for the spark 

ignition, as shown in Fig. 3.2. 469 VDC charged four units of capacitors with a total 50 µF. 

To ensure the ignition of pulverized coal particles, the total spark energy of 5.5 J discharged 

to the ignition coil that connected to electrodes. The turbulent flow field was generated in 

the chamber by counter-rotation of two identical seven-bladed fans located vertically and 

symmetrically. The diameter of the fans is 150 mm. The fan shaft connected to DC motor 

(Graphite Brushes, 150W) that equipped with the encoder. A motor controller (ESCON 

50/5) attached to each DC motor to control the fan rotational speed (rpm). The fan rotation 

was set by input the desired rpm value using the motor controller software (ESCON Studio). 

The fan rotation system with feedback signal by encoder ensured the consistent fan 

rotational speed.  

 
Figure 3. 2 Schematic of CDI circuit embedded in the spark ignition system. 
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was obtained when the coal concentration was around 1.3 kg/m³. However, in the present 

study in normal gravity (1g) environment, flame propagation could only be observed for a 

G = 1.3 kg/m³ in a quiescent environment (without fan rotation).  

The experiments started with emptied the combustion chamber and the dispersion 

tank to a -100 kPa via a vacuum pump. After emptying the tank, the gas used to disperse the 

coal particles, also comprising 40 vol% O2 and 60 vol% N2, was filled in a dispersion tank 

at a total pressure of 300 kPa (gauge pressure of 200 kPa). Out of -100 kPa pressure inside 

the chamber, the ambient gas was mixed in the combustion chamber for a volume 84% only, 

to allow the pressure of volume 16% to reach 0.1 MPa (atmospheric pressure) after the 

addition of the dispersion gas with the coal particles. Before emptying the chamber, coal 

particles loaded into four filter cups and tubes corresponding to the symmetrical 

configuration of four inlets. Figure 3.3 shows the schematic of coal particles dispersed from 

the symmetrical configuration of four inlets. This configuration was located at the middle 

of the vertical axis of the combustion chamber. Therefore, on the vertical axis, the dispersion 

was in the middle. Thus, the dispersion direction is towards the center of the spherical 

combustion field. The dispersion gas for all four filter elements is from the same dispersion 

tank.   

 
Figure 3. 3 Schematic of coal particles dispersed from four inlet. 
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velocity of the gas and coal particles. Two types of pulverized coal were used as the fuel in 

microgravity experiment; C5 and TW  coal with different fuel ratio as properties of each are 

shown in Table 3.1 (in Section 3.1.1). Fuel ratio is the ratio of fixed carbon to the volatile 

matter. In general, higher fuel ratio is difficult to ignite. Coal concentration (G) inside the 

combustion chamber was fixed at 2.0 kg/m³. Only the G = 2.0 kg/m³ showed flame 

propagation for all type of coal in the tested turbulence intensity.  The same coal 

concentration was employed to make the comparison of 1g and µg results.  

In general, a similar procedure and similar ambient gas as coal combustion in normal 

gravity experiment was used in the microgravity experiment. A sequencer was employed to 

ensure precise operation timing. A programmable controller (Keyence KV-1000) was used 

as the sequencer. The sequence and ON/OFF time of the experimental devices were 

programmed into the sequencer. The sequence controller switch (SCS) is the virtual switch 

in the sequencer programming. The operations of the experiment begin with turn ON the 

SCS.  

In the microgravity experiments, the coal particles were first loaded in four filter 

cups and tubes within equal amounts on a weight basis. Then, the ambient gas was mixed 

in the chamber and dispersion tank as described above in Section 3.1.1. Figure 3.6  shows 

the experimental apparatus as an inner capsule in µg experiment. Before the whole capsule 

placed in the top of the drop tower, on the ground, the inner capsule placed inside of the 

outer capsule, as shown in Fig. 3.7. For experiments with the turbulent conditions, the 

turbulence-inducing fans were manually switched ON before putting the capsule at the top 

of drop tower and the fans continued rotating at a constant prespecified speed during the 

experiment. After the capsule was released, the microgravity switch was triggered, which 

turns ON the SCS. All operations then began running in sequence.  The pressure inside the 
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chamber was recorded via the data logger and the solenoid valve was switched on to begin 

coal particle dispersion for 0.7 s. After 0.3 s the ending of the dispersion, the camera started 

imaging and the coal particle cloud was ignited at the center of chamber at atmospheric 

pressure. According to a total microgravity time approximately 2.5 s, the flame propagation 

time allowance was set to 1 s. The sequence of operation in microgravity experiment shown 

in Fig. 3.8.  After each experiment, any coal particles remaining in the tube or filter were 

measured. For the experiments under normal gravity conditions, to start the experiment 

operations, the SCS was manually triggered. The coal concentration inside the combustion 

chamber was within ± 4% of the target value, for all tests. 

 
Figure 3. 6 Experimental apparatus (inner capsule) for normal gravity experiment. 
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Figure 3. 8 Inner capsule placed inside the outer capsule for microgravity experiment in drop 

tower facility. 

 
 
 

 

 
Figure 3. 7 Sequence of operation in the microgravity experiment. 
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observed for all cases. Therefore, the pressure inside the chamber was assumed to be 

constant during flame propagation within the limit of observation range.  

 

4.2.2 Flame propagation velocity 
 

It is shown in Fig. 4.8, the relationship between flame radius and elapsed time from 

5 ms after the onset of spark ignition for various turbulent intensities for G = 1.3 kg/m³. 

After 5 ms, the flame propagation was assumed to be not affected by the ignition energy. 

The ignition affected period was not considered in the calculation of flame propagation 

 
Figure 4. 7 Pressure history during flame propagation. 

 
 
 

 
Figure 4. 8 Flame radius as a function of elapsed time. 
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affects the flame propagation behavior. Therefore, the coal concentration, which determines 

the distance between the coal particles, has a significant effect on the flame propagation 

velocity in a quiescent environment. However, in a turbulent environment, turbulent eddies 

acting on the flame front including wrinkled the flame front. The flame propagation velocity 

considered to be dominated mainly by turbulent heat transfer. Consequently, the flame 

propagation velocity increase as the turbulence intensity increases due to increases of 

turbulent eddies on the flame front. The flame propagation velocity of a turbulent coal cloud 

is up to approximately 5 times faster than that of the quiescent environment. Accordingly, 

the effect of turbulence intensity on the flame propagation velocity is dominant, and the 

effect of the coal concentration is minimal. This is a unique feature of flame propagation in 

a turbulent field, which different from flame propagation in the quiescent environment.  

Significant effects of the coal concentration on the flame propagation velocity were 

observed in pulverized coal particle combustion in laminar flow [3]. Moreover, in a 

spherical flame propagation of gaseous fuel, it was observed that the equivalence ratio 

strongly affects the flame propagation velocity [22]. However, in a turbulent coal particle 

cloud, the flame propagation velocity is not much different for various coal concentrations 

at a given turbulence intensity. According to Xu et al. [23], in a pulverized coal particle 

turbulent jet flame, eddies in the particle-loading turbulent jet strongly affect the ignition 

process, shortening the ignition delay time. However, there was no obvious effect of coal 

concentration on the ignition distance [23]. This tendency corresponds well with the results 

of our study.  

The scatter plot observed for high turbulence intensities as shown in Fig. 4.11. This 

is due to the relatively lower flame propagation velocity of pulverized coal particle clouds; 

therefore, the flame shape is highly deformed in high turbulence intensities. A similar 
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tendency has been observed for gaseous flame propagation [13,14]. The additional reason 

is that the effects of eddies on flame propagation increases with increasing turbulence 

intensity. Various scales of turbulent eddies exist in a turbulent flow field and the wrinkling 

effects of each eddy are different. Therefore, the nonuniformity of the wrinkling effects of 

the eddies on each case is increase with the increasing turbulence intensity.  

 

4.2.3 Concluding remarks 
 

The effect of turbulence intensity and coal particle concentration on the flame 

propagation of pulverized coal particle clouds at atmospheric pressure were clarified. The 

results showed the flame propagation velocity of a pulverized coal particle cloud increases 

with increasing flame radius in a turbulent field. This caused by a widening of the range of 

eddies that serve to increase the flame front area as the flame radius increases, as expected 

in gaseous fuel combustion. Furthermore, the flame propagation velocity of a pulverized 

coal particle cloud increases as the turbulence intensity increases. This tendency may be due 

to the increase in the turbulent heat transfer rate at the flame front as the turbulence intensity 

increases. Compared to the turbulence intensity, the coal concentration has a weak effect on 

the flame propagation velocity.  
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Figure 4. 25 Flame radius as a function of elapsed time for u' = 0.65 m/s. 

 

 
Figure 4. 24 Flame radius as a function of elapsed time for u' = 0.32 m/s. 

 
 

 

 

































 
 

Appendices 
 
Appendix 1 Combustion chamber and the fan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 79 

Appendix 2 Experimental apparatus 
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Appendix 7 Mechanical sealing slots on Top Cover 

 
# Steel spring of mechanical sealing (Top and bottom cover) were changed to rubber 
spring to provide more consistent compression of mechanical sealing. 



 85 

Appendix 8 Mechanical sealing slots on Bottom Cover 
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Appendix 9 Sequence KV studio ladder diagram 

 

  










