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Abstract 
 

The present poster is dedicated to report recent results from experimental studies 

upon flow fields from pulverized coal (PC) swirl flames and associated challenges. 

Studied flames are confined within a cylindrical down-fired combustion chamber 

operating under conventional air and oxy-fuel combustion modes. To study the 

flow fields inside the combustion chamber a non-intrusive laser Doppler 

velocimetry (LDV) system has been gradually improved in order to maximize 

tracer-particle count rates and to minimize the error associated to particle slip. 

LDV measurements showed better results when compared against particle image 

velocimetry (PIV) measurements, as the LDV system utilized features an improved 

data collection in flame regions with high particle number density and strong 

background radiation. Measured two-component velocity profiles are presented 

and provide information about mean velocity values and turbulent fluctuation of 

the particles in the flow at different locations in the combustion chamber. Six 

studied cases were taken employing two different burners with similar geometries. 

Three cases correspond to 60 kWth flames with similar stoichiometric ratios under 

air and oxy-fuel combusting modes. The other three correspond to 40 kWth oxy-

fuel flames with identical inlet velocities but varied oxygen concentration in the 

oxidizer mixture. Presented data is intended to generate a new extended database of 

experimental data for the validation of numerical models. Also, measurement 

results show that the structure of the flame and the intensity of the inner 

recirculation zone (IRZ) can be modified and enhanced by changes in momentum 

and viscosity of the combusting gases introduced by different reactant mixtures 

(i.e. by increasing oxygen concentration in oxy-fuel) under similar stoichiometric 

ratios or under similar inlet gas velocities. This is highly relevant as it can 

contribute to optimizing boiler retrofitting processes and to the general 

understanding of the behavior of pulverized coal swirl flames. More detailed 

validation data is available upon request.  

 

Introduction 
 

The usage of coal for industrial and thermal conversion processes comprises a wide 

range of mayor applications. Although pulverized coal combustion has been 
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studied now for several decades, new interest has risen since the possibility 

emerged to retrofit existing large-scale boilers and combustors with technologies, 

such as oxy-fuel combustion, which can enable carbon capture and sequestration 

(CCS) [1]. Given technical limitations of the past, the study and analysis of coal 

furnaces and combustors has relied largely on empirical studies which were mostly 

limited to the observed relationships given by the parametric variation of inputs 

and the resulting outputs (such as the complex flow fields and chemical reactions) 

of different combustor and burner configurations. Fortunately, recent advances in 

computational performance, modeling and experimental diagnostic techniques 

allow the conduction of much detailed simulations and a deeper characterization of 

phenomena such as turbulent multi-phase reacting flows.  

 

This work presents results based on laser Doppler velocimetry (LDV) flow field 

measurements. LDV is an optical, non-intrusive measurement technique commonly 

used for the characterization of flow fields. The quality of the LDV measurements 

relies strongly on the presence of suitable flow tracer particles in the flow and 

adequate optical access to the studied flow. Unfortunately, in the case of coal-fired 

combustors, the fuel employed is composed of polydisperse, non-spherical solid 

particles acting as flow tracers and also the optical access to the flows is usually 

difficult (or impossible). In order to address these two problems, the chosen 

combustor possesses a simplified geometry with suitable optical access and is 

capable of reproducing all the highly coupled multiscale phenomena present in 

industrial scale flames. The employed LDV measurement system has been 

modified in order to be able to work with polydisperse flow tracers and to improve 

the accuracy of the velocity measurements. The objective of this work is to present 

experimental results with unprecedented level of detail for self-sustained PC 

swirling flames and to comment on the challenges found when attempting to 

perform LDV measurements on these flames. Shown results are based on 

measurements conducted upon 60 kWth and 40 kWth Rheinish Lignite flames under 

conventional atmospheric and oxy-fuel combustion modes with oxygen contents 

between 21% and 33% in volume in the reactant.   

 

Experimental setup 

 

Experiments were conducted at the combustion test facility of the Institute of Heat 

and Mass Transfer, RWTH Aachen University, which consist of a vertically down-

fired cylindrical combustion chamber, equipped with electrically heated ceramic 

inner walls [2]. For the present work two swirl burners were employed (Figure 1). 

The first burner, shown in Figure 1a, was used to generate all 60 kWth studied 

flames [2]. The second burner (Figure 1b) was employed for all 40 kWth flames 

[3,4]. Both burners are composed of two annular concentric nozzles: the primary 

nozzle (PN, Figure 1), which is responsible for delivering an axial annular jet 

around a bluff body, this jet is a mixture of coal particles and a carrier gas. The 
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secondary nozzle (SN, Figure 1) generates an annular swirled jet and is the main 

 
 

Figure 1. The two employed swirl burners, a) 60 kWth and b) 40 kWth, 

mounted at the top of the asymmetrical combustion chamber, main burner features 

are shown: central bluff body (BB), primary nozzle (PN), secondary nozzle (SN), 

tertiary nozzle (TN), burner quarl (Q), staging-flow nozzle (StaN), dump plane 

(DP) and the combustion chamber walls (FW). Also, the relevant radial dimensions 

R are presented, in mm.  

 

inlet for oxidant gas. Additional oxidant is delivered through the tertiary and the 

staging nozzle (TN and StaN in Figure 1). 

 

The LDV diagnostic system is mounted at observation port no. 1 (P1) of the 

combustion chamber (see Figure 2), the entire integrated sending-receiving optic 

system (A) can be traversed along the radius of the combustion chamber in order to 

compose point-based measurement profiles. Different measurement profiles at 

different axial distances from the burner can also be obtained by moving the burner 

along the axis of the combustion chamber [2].  

 

The 2D-LDV system has been specially designed and optimized to deliver 

maximum laser power to the measurement volume and to be able to optically 

generate a small (Ø150 µm) measurement volume (D in Figure 2) at distances 

larger than 1.5 m from the collecting optics. By combining high laser power and 

adequate optics the problem of tracer particle size polydispersity can be addressed, 

the error in velocity measurement introduced by the slipping particles is reduced by 

increasing the detectability of small particles and decreasing the weight of large 

coal particles on the statistical evaluation of the turbulent flow [2].  

 

Present results were obtained from a set of six different operating conditions, three 

for each burner, keeping in both cases the thermal output of the flames constant 

(same fuel mass flow provided), also only Rhenish lignite was employed. For the 

case of the 60 kWth flames the composition of the oxidant was varied from 
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conventional atmospheric conditions to two oxy-fuel conditions with 21 and 25 

vol.% of O2  in pure CO2  respectively while keeping the oxygen-fuel ratio λL = 0.8 

constant [2]. The remaining three conditions were obtained with the 40 kWth burner 

keeping the inlet velocities constant between oxy-fuel oxidant mixtures (25, 27 and 

33 vol.% O2  content.). Lignite fuel particles had a typical median diameter of D50 = 

29 µm with a size distribution spanning from D10 = 5 µm to D90 = 132 µm. 

 

 
 

Figure 2. Cross-section of the combustion chamber at the measurement level 

showing the measurement ports (P1-P3) and the schematic layout of the 2D-LDV 

integrated sending-receiver optical system (A), active cross section of the 

combustion chamber (B), the ceramic insulation layer (C) and the location of the 

radially traversed (dR) LDV measurement volume (D).  
 
Measurement results 
 

Figure 3 shows measured radial profiles from three lignite 60 kWth flames under 

the same stoichiometric conditions (λL = 0.8) for air flame (Fig. 3a) and two oxy-

fuel conditions (Fig. b and c) with 21 and 25 vol.% O2 content. Each of the six 

subfigures showing profiles for eight relative distances to the burner. Higher mean 

velocity values are measured for both oxy-fuel cases than in the conventional air 

case, possibly attributed to the higher momentum and smaller dynamic viscosity 

compared to the air case [2].  

 

In an analogous way, Figure 4 shows measured radial profiles from three lignite 

40 kWth oxy-fuel flames (different λL). The three operating conditions have 

identical volume flows for the oxidant (same inlet velocity) but increasing O2 

contents: 23, 27 and 33 vol.% in the oxidizer. Although profiles show very similar 

trends, a reciprocal relationship following the increased O2 has been observed. The 

peak velocity values at the swirling jet increase with increasing O2 content but the 

opposite occurs with the velocities at the internal recirculation zone. 
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Figure 3. Mean axial (U) and tangential (V) velocity profiles of 60 kWth  (lignite, 

λL = 0.8), for: a) air case, b) 21/79 O2/CO2 vol.% c) 25/75 O2/CO2  vol.% at eight 

relative positions from the DP, shown as factors of the SN diameter d = 64 mm [2] 
 

 

 
 

Figure 4. Mean axial (U) and tangential (V) velocity profiles and respective 

(RMS) values of particle velocity fluctuations of 40 kWth Lignite flames at 24 mm 

from the DP with same inlet velocities and oxidant mixtures:  

 23/77 O2/CO2 vol.%,  27/73 O2/CO2 vol.% and  33/67 O2/CO2 vol.%  

 

Conclusions 

 

The improved LDV system provides highly detailed velocity measurements of flow 

fields of PC swirl flames under different mixture conditions. Also information 

about the local velocity fluctuations of the particles in the flow (RMS) is provided. 

The combined approach of higher laser power and smaller measurement volume 
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size result in much higher accuracy of the measurements as i.e. data rates have 

increased by a factor of 10 or more and the velocity histograms show smooth 

characteristics in comparison to the discontinuous character associated to flow with 

high particle slip.  

Additional seeding has also been tested, but no significant improvement in 

measured velocities or data rates have been observed. Possibly attributed to the 

high mass ratio between coal particles and additional seeding present in the flow. 

More detailed information about the polydispersity issues in the flow and further 

measurement results will be shown on the poster.    
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Nomenclature 

 

D10   Biggest particle size for 10% of the cumulative mass 

D50   Mass median diameter of coal particles (50%) 

D90  Biggest particle size for 90% of the cumulative mass 

λL  stoichiometric ratio   
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