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Abstract 
This paper focuses on the investigation of ignition behavior of pulverized coal 
particles in a specially-designed tubular swirl burner. The temperature and flow 
field of the newly-developed burner was simulated by computational fluid 
dynamics (CFD), and further verified by advanced optical measurements. A digital 
camera was used to capture the combustion behaviors of coal particles in different 
ambiences. Combined with the CFD simulation, the ignition delay time of coal 
particles was then estimated and compared with that in the laminar flat-flame 
Hencken burner. The turbulence effect on the ignition delay time in different 
ignition modes was specially discussed. 
 
1. Introduction 
        In a foreseeable future, the role of coal as one of major energy sources in 
China has gained renewed interest because of its reliability/stability in both 
supplies and prices [1]. However, public concerns over the coal combustion 
generated issues, like the emission of particulate matter and greenhouse gases, have 
led to mounting efforts on fundamental studies of coal combustion characteristics 
[2-6]. 
        As a crucial step during the early stage of coal combustion, ignition process 
determines the combustion stability and safety. Studies on the ignition behaviors of 
isolated coal particles have already aroused substantial attention. Considering the 
ultra-high heating rate which is similar to that in practical combustor, the most 
widely used bench-scale devices for laboratory ignition studies are drop tube 
furnace (DTF) and flat-flame burner. Based on existing researches, coal ignition 
behaviors are demonstrated to depend on the coal rank, particle size, heating rate, 
oxygen mole fraction, diluents, etc. [2-6]. However, it should be noted that the 
existing apparatus can only provide a laminar flow field with low Reynold number 
for the ignition study, which makes it reasonable to omit the turbulence effect on 
the local combustion temperature and species concentration. However, when scaled 
up to the pilot or industrial coal combustors, the turbulent effect is non-negligible 
as it can influence the heat/mass transfer and chemical reaction kinetics.   
This work aims to make preliminary efforts on investigating the turbulence effect 
on the ignition behaviors of coal particles. A swirl-stabilized tubular burner was 
then specially developed. The ignition delay time of dispersed coal particles in the 
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tubular swirl burner and that in the flat-flame Hencken burner was especially 
compared and discussed. 
 
2. Experimental set-up 
        One kind of high-volatile lignite was particularly used in this experiment. The 
proximate and ultimate analyses of the coal sample are presented in Table 1.  

Table 1 Proximate and ultimate analysis of Hulunbel lignite 
Fuel type Hulunbel lignite 
Proximate analysis (on a dry basis)  
Fixed Carbon (%) 49.1 
Volatile (%) 38.8 
Ash(%) 12.1 
Ultimate analysis (on a dry-ash-free basis)  
Carbon (%) 74.05 
Hydrogen (%) 4.17 
Oxygen* (%) 20.47 
Nitrogen (%) 1.00 
Sulfur (%) 0.31 

 
        A schematic of the experimental set-up is shown in Fig. 1. The specially 
designed CH4/O2/N2 swirl-stabilized tubular burner consists of four tangential slits, 
a central jet tube at the bottom and a quartz tube. The tangential slit is 2 mm in 
width and 12 mm in height. The swirl-stabilized tubular flame is confined by the 
quartz tube of 30 mm in diameter and 100 mm in length, which allows for optical 
diagnostics. The swirl number S, defined as the ratio of axial flux of angular 
momentum to the axial flux of linear momentum, can be determined by the 
geometry of the burner, as depicted in Eq. 1. Here, D0 is the tube diameter, De is 
approximately determined by subtracting the slit width from the burner diameter, 
and AT is the total cross-sectional area of the injection slits. In our current 
configuration, the swirl number is fixed at 7.36. 
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A particle feeder, based on the principle of de-agglomeration via high-frequency 
vibration, was utilized to offer a well-dispersed coal stream with a steady flow rate 
of 0.07 g/min. Coal particles, carried by N2 (about 300 mL/min), were injected into 
the burner through the central jet tube with an inner diameter of 2 mm at the 
bottom of the burner. A digital single lens reflex (DSLR) camera was used as RGB 
pyrometry for temperature measurement, as well as for detecting the coal 
combustion behaviors. Two typical ambient temperatures, 1500 K and 1700 K, as 
well as three oxygen mole fraction, 0.1, 0.15, and 0.2 were chosen as the 
experimental conditions. The gas flow rates under different conditions are shown in 
Table 2. 
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Table 2. Gas flow rates under different conditions 
T (K) O2 CH4 

(L/min) 
O2 

(L/min) 
N2 

(L/min) 

1500 
 

0.2 2.95 17.41 37.24 
0.15 2.94 14.52 40.15 
0.1 2.93 11.62 43.05 

1700 
0.2 3.53 18.58 35.49 

0.15 3.52 15.68 38.40 
0.1 3.51 12.78 41.31 

 

 
Figure 1. Schematics of the swirl burner set-up and the RGB pyrometry 

 
3. Results and discussion 
3.1 Temperature and velocity field of the tubular swirl burner 
        CFD simulation is carried out in a three-dimensional geometry of the realistic 
swirl-stabilized tubular burner configuration to predict the inner temperature and 
velocity profile. The simulation results, as well as the measured temperature profile 
by RGB pyrometry is shown in Fig 2. Fig. 2(a) illustrates that the temperature 
profile in the burner has a relatively uniform distribution close to the designed 
experimental conditions in both the radial and axial direction. Fig. 2(b) further 
shows that in the axial direction, the temperature remains constant in the region 
about 2 cm above the slit outlet. Therefore, we select the temperature-constant 
region as the combustion ambience for the coal particles. Fig. 2(c) indicates that 
the axial velocity reaches peak at the position near the tube rim. However, in the 
central regime of the tube, the mean axial velocity is negative, which implies a 
characteristic recirculation zone along the centerline as expected for the swirl 
structure. The time-averaged radial turbulence intensity at 5 cm above the slit 
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outlet is shown in Fig. 2(d). An average of about 85% relative turbulence intensity 
is found, exactly in the high turbulence regime (commonly recognized as >10%). 
In general, the tubular swirl burner can provide a uniform temperature and species 
ambience, as well as a high turbulent field for investigation of coal particle 
combustion. 
 

 
Figure 2. Temperature and velocity profile of the swirl burner 

 
3.2 Ignition of coal particles in the swirl burner 
        The coal particles were injected into the high temperature ambience through 
the central tube. The coal combustion behavior was recorded by a digital camera. 
Figure 3(a) shows the recorded combustion behaviors of coal particles in different 
ambiences (exposure time: 1/10 s). It can be seen, in relatively high oxygen cases, 
the particle tracks are quite clear with bright luminosity, while as the oxygen mole 
fraction decreases, the luminosity intensity decreases and the particle trajectory 
becomes less distinct. Instead, the gas phase combustion becomes prominent in low 
oxygen conditions. To better quantitatively characterize the ignition process, we 
then select the 10% percent of the maximum intensity signal as the ignition 
position based on our previous study in Hencken burner [4]. It is challenging to 
obtain the particle residence time from experimental measurement in a 3-D 
framework in the tubular swirl burner, we therefore approximately get the particle 
residence time from CFD simulation. Figure 3(b) shows the axial position as a 
function of particle residence time. The ignition delay time in different ambiences 
can thus be determined, as shown in Fig. 3(c). It can be seen, the ignition delay 
time in these two high temperature conditions, 1500 K and 1700 K, quite approach 
in the swirl burner. Notably, when compared with the results obtained on the flat-
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flame burner, the ignition delay time in the swirl burner shows little dependence on 
the oxygen mole fraction. Moreover, under the conditions with the same ambient 
temperature, different ignition behaviors are found in different burners when the 
oxygen mole fraction varies. In ambiences with higher oxygen mole fraction (e.g., 
0.15 and 0.2), the ignition delay time is rather comparable in both the laminar and 
turbulent ambience. While in low oxygen ambience, the ignition delay time in the 
swirl burner with strong turbulence is found to be much lower than that in the 
laminar flow field.  

 
Figure 3. (a) Combustion behaviors of coal particles in the swirl burner; (b) Particle 
residence time as a function of axial displacement; (c) comparison of ignition delay 

time in different ambiences time  
        Based on our previous work [4], in 1500 K and 1700 K with sufficient oxygen 
(i.e. >0.15), the ignition process is dominated by the hetero-triggered hetero-
homogeneous joint mode. The particle temperature history plays the crucial role in 
the ignition process. It is reasonable to believe that the ignition delay time changes 
little in these cases due to the similar particle temperature history in different 
ambiences. However, in lower oxygen ambiences (i.e. 0.1), the homogeneous 
ignition becomes prominent and even dominant. This is due to the bulk 
consumption of oxygen in the gas phase before it can reach the particle surface, 
which is also termed as ‘‘volatile barrier effect’’. When changing from the laminar 
flow ambience to the turbulent ambience, the strong turbulence enables enhanced 
species transport surrounding the particle surface. The released volatile can be 
quickly swept from the particle surface. The rapid mix of the volatile species with 
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the surrounding gas can accelerate the gas phase ignition. Moreover, the partial 
pressure of O2 in the particle surface is also higher than that in the laminar 
ambience due to the reduced diffusion resistance, which also promotes the particle 
surface temperature increment. Therefore, compared with that in the laminar 
ambience, the ignition delay time of coal particles in the tubular swirl burner is 
much lower. Further quantitative correlation between the ignition delay time with 
the turbulence intensity need to be explored. 
4. Conclusion 
        This paper makes preliminary efforts to investigate of turbulence effect on the 
ignition behavior of coal particles in a specially-designed tubular swirl burner. 
Combined with the CFD simulation, the ignition delay time of coal particles under 
conditions with different ambient temperature and oxygen mole fraction was 
estimated. Compared with the results in the flat-flame Hencken burner, the 
turbulence effect on the ignition delay time in different ignition modes was 
specially discussed. 
        In ambiences with higher oxygen mole fraction (e.g., 0.15 and 0.2), the 
ignition delay time is rather comparable in both the laminar and turbulent ambience 
due to the similar particle temperature history. While in low oxygen ambience, the 
ignition delay time in the swirl burner with strong turbulence is found to be much 
lower than that in the laminar flow field due to the weakened volatile barrier effect.  
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