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1. Introduction

Oxy-coal combustion is one of the promising technologies to capture CO2 in existing field boilers. When mixing 

pure oxygen with recycled flue gas, partial pressure of oxygen (PO2) becomes a new degree of freedom, which may 
impact the fl ame stability, thus raising the concerns on burner/boiler designs. Therefore, the objective of this 

research is to understand the effect of PO2 within an O2/CO2 mixture on flame stability in a 40kW co-axial diffusion 
pulverized coal jet. During the experiments specifically designed to address the above interest, an interesting 

phenomenon, multi-modal behaviors of flame stabily were observed and discussed in this paper. Efforts have been 
taken to confirm that the experimental system was properly controlled and does not contain influential factors to 

cause large systematic errors. Multi-modal flame stabilities were statistically analyzed by using probability density 
function (PDF) approach and the University of Utah methodology of quantifying fl ame standoff distances. The 

multiple steady states are real and only happen in/under certain locations/PO2’s, which may present the coupling 
effects of turbulent mixing and combustion chemistry in near burner regions.

2. Experimental setup and methodology to quantify flame stability

Previous work has described the experimental setup and the University of Utah methodology to quantify flame 

stability (Zhang et al, 2007; Zhang et al, 2010). All the experiments were carried on a down-fi red 40 kW (100 kW 
nominal) oxy-coal combustor. This facility allows systematic controls of burner operating parameters, as well as 

heated wall and optical/laser diagnostics access (Ring et al, 2010). The University of Utah methodology of 
quantifying fl ame stability evolves in optical measurements, image processing, parallel computing, and statistical 

analysis (Zhang et al, 2010). Flame stability is quantified by flame standoff distance, which is the distance between 
burner port and flame ignition point. 

3. Results and discussion

The following conditions are tested in the experiments:

1) The effect of primary PO2 when secondary preheat temperature is 489 K or 544 K;
2) The effect of secondary PO2 when secondary preheat temperature is 489 K and primary PO2 is 0;

3) The effect of transport media when replacing primary CO2 by N2 and secondary preheat temperature is 489 
K.

The PDF results and average standoff distance results v.s. PO2 can be found in previous work, as well as the 

detailed testing matrix (Zhang et al, 2010). During these tests, multiple steady states were observed in PDF results. 
For instance, when studying the effect of primary PO2 in a secondary preheat temperature of 489 K, a semi -stable 

fl ame was observed in five replicates running at five different days. Table 1 shows the above observations using a 
colorful flame stability map. Blue, green, and yellow represent flame detachment, bimodal attachment/detachment, 

and flame attachment, respectively. It also shows that the primary PO2 of 14.4 vol% is a transit point of the flame 
stability under secondary preheats temperature of 489 K. For the primary PO2 of 20.7 vol% condition, the flame 

became attached yet only acting as a semi-stable one (see Figure 1). Figure 1 shows the multi-modal behavior of 
fl ame stability. Each PDF figure depicts the probability that the standoff distance lies within specific limits denoted 

by the width of the bars. The bars wider than 1 cm represent blind areas where the image was obscured by the quarts 
window frames. Both unimodal (R eplicate 1 and 2) and closely positioned bimodal PDFs (signifying attached and 

nearly attached flames, Replicate 3 and 5), or widely separated bimodal PDFs (signifying attached flames some of 
the time and detached flames some of the time, Replicate 4) are observed in the PDF results. The PDF figure of the 

lower-right panel shows a tri-modal flame stability, which is caused by the average of these unimodal or bimodal 
curves of 5 replicates taken on five different days. Careful investigations have been taken to confirm that these 

multi-modal behaviors were not caused by the coal feeding or unsuccessful control of system operation. The 
multiple states are real and do only happen in certain conditions/locations, which may represent the coupling effect 

of turbulent mixing and coal ignition chemistry. The similar multi-modes were also reported by Chen and Churchill 
(1972 a, b).
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Table 1. Unimodal/bimodal fl ame stability observations when studying the effects of p rimary PO2 at 489K 
secondary preheat temperature. Numbers of 0 to 20.7% are primary PO2 values. Blue, green, and yellow represent 

fl ame detachment, bimodal attachment/detachment, and flame attachment, respectively. (U.D.: unimodal detached; 
B.D.: bimodal detached; B.A.: bimodal attached; U.A.: unimodal attached.)

Replicates PO2 = 0 PO2 = 5.4% PO2 = 9.9% PO2 = 14.4% PO2 = 20.7%

Replicate 1 U.D. U.D. U.D. U.A.

Replicate 2 U.D. U.D. B.D. U.A.

Replicate 3 U.D. U.D. U.D. B.D. B.A.

Replicate 4 U.D. U.D. U.D. B.D. B.A.

Replicate 5 U.D. U.D. U.D. B.D. B.A.

Figure 1. An example of multi-modal flame stability observations for primary PO2 of 20.7 vol% (last right column

in Table 1). A tri-mode distribution is caused when averaging the results from 5 replicates at primary PO2 of 0.207,
and secondary preheat temperature of 489 K. The mode at approximately 30 cm in the PDF of the 5-replicate 

average is primarily caused by replicate 4.
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4. Conclusions

Ignition of 40 kW pulverized oxy-coal diffusion co-axial jet flames has been studied and flame stabilities were 
presented in PDFs. Multiple steady states have been observed in the experiments and quantified by both standoff 

distance PDFs and fl ame stability maps. The results suggest that multiple steady states are real and may be cause by 
the coupling effect of turbulent mixing and coal combustion chemistry. The locations of multi-modes are not 

random and may be a result of real multi-modes of flame stability at the transit points of flame stability map.
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