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Abstract 

 In this paper, the effect of axial flow blockage percentage on combustion parameters of a 

low-swirl burner is investigated. The burner uses premixed natural gas and air mixture. 

Equivalence ratio varies from 0.55 to 0.59 (lean mixture). Flow patterns are compared in 

51.1%, 57.8% and 67.2% of blocked area of axial flow, power of 21.7 kWs and equivalence 

ratio of 0.57. Geometrical aspects of flame are compared using Canny edge detection 

algorithm. The combustion zone temperature profile is analyzed using thermocouples in 

different vertical distances from the burner edge. OH* radical chemiluminescence is 

compared qualitatively using flame spectroscopy. The concentration of important emissions 

like CO, NO and NO2 are also reported using exhaust gas analysis. As a result of increasing 

in axial velocity, by decreasing the blockage, flame Blow-off happens in a wide range of 

equivalence ratio. Also by increase in swirl number from 0.41 to 0.49, the combustion zone 

width (radial direction) increases from 112mm to 123mm which causes a significant decrease 

of its average temperature and relevant emissions like thermal nitrogen oxides (maximum 

12ppm). Also as a result of divergence of velocity vectors, flame distance from burner edge 

decreases from 11.86mm to 5.21mm.  

 

Key words: Low-Swirl Burner, Swirl Number, Chemiluminescence, Image Processing, 

Exhaust Gas Analysis, Flame Edge Detection    

 

Nomenclature  

NOx Nitrogen Oxides emission OH-PLIF Planar laser induced fluorescence of 

Hydroxyl radicals HSB High Swirl Burner  

IRZ Inner Recirculation Zone  RCARS Rotational Coherent Anti-Stokes 

Raman Spectroscopy LSB Low Swirl Burner  

PIV Particle Image Velocimetry CO Carbon Monoxide 

HHR Heat Release Rate THC total hydrocarbon emissions 

LES Large Eddy Simulation RGB Red, Green and Blue 

NG Natural Gas S Swirl Number 

R Burner Radius H Axial Distance above LSB Edge  
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1. Introduction 

One of the most important characteristics of a combustion system like boiler and gas 

turbine is low pollution. According to existence of excess air, maximum temperature of Lean 

premix combustion is less than other combustion modes. As a result of this nitrogen oxides 

emission (NOx) is a small amount [1]. Flame flash back and Blow-off can be considered as 

two disadvantages of lean premix combustion. The first one occurs because of unburned 

upstream fuel-oxidizer mixture and the second one happens because usually there is no flame 

anchor in the flow [1]. One of the most powerful methods to overcome these problems is to 

use swirl flow. In swirl flow, the velocity radial component usually causes recirculation zones 

and it brings back the hot combustion products to upstream and helps the flame to be more 

stable [2].  

In high swirl burners (HSB), swirl flow passes over a bluff body, which causes strong 

stability and high combustion efficiency [3]. Because of velocity gradient behind the bluff 

body, hot combustion products are circulated by inner recirculation zone (IRZ) which 

maximum temperature of combustion zone usually is located in it [4]. Because of vortex 

breakdown phenomena in this recirculation zone, flame flash back is probable, in addition, 

thermal NOx is increased due to the long residence time of hot combustion products [5]. In 

order to solve these problems, the bluff body replaced by an axial flow by Chan et al. [3]. 

This burner is called low swirl burner (LSB). The axial flow destroys IRZ and decreases 

residence time of hot combustion products. As a result of this, less thermal NOx emission is 

expected in LSB [6].  

A combined computational and experimental study on lean premixed methane-air low 

swirl laboratory flames was investigated by Day et al. [7], using adaptive solution of low 

Mach number equations in turbulent reacting flow (simulations). Velocity field and flame 

front topologies were also measured using particle image velocimetry (PIV) and planar laser 

induced fluorescence of hydroxyl radicals (OH-PLIF) respectively. LSB nozzle vanes angle 

was 37o and bulk velocity varied from 3m/s to 18m/s. The results showed that flow field of 

the LSB nozzle was not fully developed for velocities under 10m/s and the results were 

insensitive to the choice of diagnostics approach near unity Lewis number.  

LSB mechanism for flame stabilization or ability to prediction of flame Blow-off is noticed 

as an important factor of these burners. According to Chan et al.’s [3] researches, divergence 

caused by radial velocity component of swirl flow allows flame to be stable. Researches of 

Johnson et al. [8] illustrate that LSB flame stabilization do not depend on flow recirculation 

significantly, unlike flames which are stabilized with a high swirl flow. Recent studies [9,10] 

suggest that turbulence between axial and swirling flows is increased as a result of swirl flow. 

Flame characteristics and stability of an LSB in different scales were investigated over a heat 

release rate (HHR) range of 15kW to 75 kW and swirl angle of 0o, 35o, 37.5o, 40.4o, 44.4o and 

47o by Ballachey et al. [11]. Their result showed that W-type flame stability is a result of 

shear between axial and swirling flows, while R-type flame stability is caused by noticeable 

axial recirculation. 

One of the effective methods of flame characteristics measurement, is flame spectroscopy. 

A lean low swirl stabilized methane-air flame with equivalence ratio of 0.62, swirl number of 

0.55 and Reynolds number from 20,000 to 100,000 is studied by Carlsson et al. [12], using 

large eddy simulation (LES), rotational coherent anti-stokes Raman spectroscopy (RCARS) 

and chemiluminescence. The results show that flame structures at the leading edge and 

stabilization position, are not sensitive to the variation of velocity of burner outlet. Also 
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quenching of the flame at downstream is affected by cooling and dilution by ambient air, 

when the burner is operating at open atmospheric condition. Combustion and exhaust 

emission characteristics of an LSB with swirl angle of 37o, 42o and 50o was investigated by 

Deng et al. [13], by using methane, propane and methane with hydrogen as fuel gases. Flame 

spectroscopy showed that diatomic carbon is the reason of yellow flame emission.  

Combustion and exhaust emissions are also noticed recently. Gas composition and thermal 

load are two main effective factors on NOx and Carbon Monoxide (CO) emissions level in 

LSB injectors [13]. Emissions of an LSB injector at HRR of 3.33 kW and outlet velocity 

range of 7m/s to 10m/s and equivalence ratio of 0.59 to 0.86 were studied by Frank et al. [14]. 

Their results showed that as equivalence ratio increases, both CO and NOx increase as well. 

Also total hydrocarbon emissions (THC), are very low in mentioned equivalence ratio range. 

In the present paper, the effect of axial flow blockage percentage on combustion 

parameters of LSB is investigated. Equivalence ratio varies from 0.55 to 0.59 (lean mixture). 

Flows are compared in 51.1%, 57.8% and 67.2% of the blocked area of axial flow, the 

nominal power of 21.7kW and equivalence ratio of 0.57. In each case red, green and blue 

(RGB) intensities are analyzed in order to investigate the flame condition (premixed or not).   

 

2. Experimental procedures  

 

2.1. Experimental apparatus   

The LSB is tested in two different conditions. In the first scenario flame parameters are 

measured in an open atmospheric environment. Burner setup and measurement systems 

including DSLR camera, gas analyzer, thermocouples and spectrometer are shown in Figure 

1. In the second scenario, the LSB is placed in a closed environment with an optical window 

in order to analyze its exhaust emissions. Figure 2 shows both open atmospheric and closed 

environments with gas analyzer probe connected to the exhaust pipe.  

 Air and natural gas are mixed in a mixer. In all cases, temperature and pressure of the 

mixture are about 26oC and 20 mbar respectively. Composition and mole fractions of each 

component of NG are shown in Table 1. Major species and radicals are compared using flame 

spectroscopy. Flame spectrum is taken in the wavelength range from 200nm to 1200 nm with 

a resolution of 1.8nm. The spectrometer has 3648 pixels and each pixel size is 8x200 

micrometers. Signal to noise ratio of the spectrometer is 800 to 1 and its exposure time varies 

from 10 to 1000 milliseconds. Also in order to freeze turbulent motion of the LSB flame, 

sensor sensitivity of camera (ISO number) is set to 3200 and its shutter speed is set to 70 shots 

per second. An S-type thermocouple is used in different vertical and horizontal positions in 

order to measure the temperature profile of flame. Wall temperature of hood and combustion 

chamber are also measured using K-type thermocouples. Both of these temperatures are 

corrected using energy equation based on Bradly et al.’s [15] researches.  

According to Qiu et al.’s [16] researches, Canny Algorithm is chosen for flame edge 

detection in order to study the LSB flame geometry and vertical distance between flame and 

burner edge in lifted flames.       
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Figure 1:  Burner setup and measurement (gray background) systems including DSLR camera, gas analyzer, 

thermocouples and spectrometer 

 

  
(a) (b) 

       Figure 2:  (a) open atmospheric and (b) closed environments with gas analyzer probe connected to the 

exhaust pipe, (1) LSB, (2) mixer, (3) air path, (4) NG path, (5) hood, (6) combustion chamber, (7) gas analyzer 

probe, (8) exhaust pipe, (9) optical window    

 

Exhaust emissions are measured using a Testo 350 gas analyzer. The probe of the analyzer 

is placed about 400mm above the flame, because of the maximum temperature limitation. As 

a result an increase in NO2 is expected caused by cooling of combustion products. 

 

  Table 1: Composition and mole fractions of NG  

 Name Chemical Formula Average Mole Fraction % 

Methane 4CH 90.7 

Ethane 6H2C 2.8 

Propane 8H3C 0.7 

Nitrogen 2N 4.3 

Other * 1.5 
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Swirl number is defined as the ratio of angular momentum to axial momentum of mixture 

flow at the edge of burner [17] as shown in equation (1).  

(1) 
 

Where S is swirl number, Gang is flow angular momentum and Gx is flow axial momentum. 

Calculation of Gang and Gx are defined by equation (2) and (3) respectively.    

(2) 

 

(3) 

 

In which ρ is mixture density, Rc is the radius of the axial flow path, Rb is the burner 

radius, Ua is average inlet velocity to the swirl vanes, α is vane angle, r is integration variable 

and Uc is average inlet velocity to the axial path. Uc and Ua are obtained using numerical 

simulation of cold flow in different Reynold numbers.  

      

2.2. Configuration of LSB   

The LSB geometrical characteristics are illustrated in Figure 3, also its geometrical 

parameters are listed in Table 2.  

  
(a) (b) 

       Figure 3:  (a) LSB schematic, (b) geometrical dimensions of LSB, (1) vanes, (2) perforated plate, (3) axial 

path, (4) swirl path, dimensions are listed in Table 2  

   

  Table 2: Geometric Dimensions of LSB   

 Parameter Name Parameter Value 

Lv 28mm 

Lc 50mm 

Lb 69.4mm 

Rb 34.7mm 

Rc 20mm 

α o45 
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The LSB is consist of an axial path and swirl annular path. The axial and swirl flow ratios 

are controlled using three perforated plates with different area blockage percentages as shown 

in Figure 4. In order to reduce flow resistance, vanes are designed as curved faces. Low swirl 

flow is produced as the result of axial and swirl flows interaction at the end of the burner. 

   

(a) (b) (c) 

       Figure 4:  LSB perforated plates of axial flow, (a) 51.1%, (b) 57.8%, (c) 67.2% area blockages  

 

3. Results and Discussion  

LSB flame edge and x-y coordinate system are shown in Figure 5. Pixel numbers in 

horizontal and vertical direction are used to measure reaction zone dimensions, as listed in 

Table 3. Dimensions of the burner are used to scale image pixels (Each pixel is 0.18mm).     

 

Figure 5:  LSB flame and burner edge and their pixel number (using Canny algorithm) at S=0.43, HRR of 

21.7kW, equivalence ratio of 0.57, atmospheric pressure, and inlet mixture temperature of 26oC 

 

As illustrated in Table 3, the increase in swirl number about 20%, causes a decrease in 

Lift-off height and increase of reaction zone width about 56% and 10% respectively. This 

shows the sensibility of Lift-off height to swirl number and in this HRR, the flame may go 

down to the burner for swirl numbers more than 0.5. In addition Expansion of the reaction 

zone width causes less temperature gradient in the reaction zone.   

RGB intensities of the LSB based on green intensity for different swirl numbers are 

shown in Figure 6. As mentioned in Huang et al.’s [18] research, for all cases the blue color 

intensity is greater than red and green intensities, also blue and red intensity regions are 

distinct, which shows lean premixed combustion. As a result of divergence of the velocity 

vectors, axial part of the reaction zone disappears when swirl number (S) is increased and in 

S=0.49, flame shape changes from W-type to U-type flame.       
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Table 3: Reaction zone and lift off dimensions of LSB, HRR of 21.7kW, equivalence ratio of 0.57, atmospheric 

pressure, and inlet mixture temperature of 26oC 

Swirl Number 
Reaction Zone 

Width (Radial) 

Reaction Zone 

Height (Axial) 
Lift off Height  

0.41 112.67mm 93.44mm 11.86mm 

0.43 115.91mm 77.27mm 10.24mm 

0.49 123.10mm 58.22mm 5.21mm 

 

Figure 7, shows the temperature profile of the LSB in height (H) of 62mm and 124mm 

above the burner edge, as mentioned in Table 3, as swirl number and width of the reaction 

zone expands, maximum temperature decreases. Also in higher positions above the burner 

temperature gradient is smaller as a result of divergence of flame and maximum temperature 

drops to 1050 oK when H goes from 124mm to 186mm.    

(a) 

 

 

(b) 

 

 

(c) 

 

 

       Figure 6:  RGB intensities of LSB based on green intensity for swirl number of (a) 0.41, (b) 0.43, (c) 0.49, 

at HRR of 21.7kW, equivalence ratio of 0.57, atmospheric pressure, and inlet mixture temperature of 26oC 
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(a) (b) 

       Figure 7:  LSB temperature profile in (a) H=62mm and (b) H=124mm above burner edge for swirl number 

of 0.41, 0.43 and 0.49, at HRR of 21.7kW, equivalence ratio of 0.57, and atmospheric pressure and inlet mixture 

temperature of 26oC, R is burner radius, position and temperature uncertainties are 1mm and 3oK respectively 

OH* Intensity for swirl number (normalized by burner power) of 0.41, 0.43 and 0.49 and 

spectrum for swirl number of 0.49 are plotted for LSB in Figure 8. When mixture gets close 

to the stoichiometric condition, OH* intensity increases and HRR is expected to increase. 

Also swirl number has a negligible effect on the OH* intensity. In addition, intensities of 

species like CH* and C2* (visible zone) are much smaller than OH* intensity, and can easily 

affected by surround noise. The intensities of these species are noticeable in rich and non-

premixed flames.            

  
(a) (b) 

       Figure 8:  (a) OH* Intensity of LSB for swirl number of 0.41, 0.43 and 0.49 and (b) Spectrum of LSB for 

Swirl number 0.49 at HRR of 21.7kW, atmospheric pressure, and inlet mixture temperature of 26oC, equivalence 

ratio, OH* intensity and wave length uncertainties are 0.03, 2 (AU) and 1.8nm respectively   

Figure 9, shows the emissions at swirl number of 0.49 and nominal power of 21.7kW. 

According to Figure 9, a small increase in NOx emissions is observed in higher equivalence 

ratios as a result of higher temperature. Also CO emissions decrease. Error bars (Standard 
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Deviation of emissions for 5 series tests) of each data are shown for NOx and CO emissions 

in order to compare emission changes with each test error. The main effect of swirl number 

is on maximum temperature, so maximum NOx emission of LSB with S=0.49 is smaller than 

the other 2 cases (about 12 ppm). Also nitrogen in natural gas (Table 1) is one of the 

important sources of NOx production.      

 

Figure 9:  LSB emissions at S=0.49, HRR of 21.7kW, atmospheric pressure, and inlet mixture temperature of 

26oC, equivalence ratio and emissions uncertainties are 0.03 and 0.5ppm respectively   

 

 

3. Conclusions 

An experimental study was carried out on the effect of axial flow blockage percentage on 

the combustion parameters of the LSB in the present paper. NG-air mixture were compared in 

51.1%, 57.8% and 67.2% of the blocked area of axial flow. The major results were:  

1. Lift-off height is the most sensitive parameter to the swirl number and at swirl 

number of 0.49 the flame is almost located at the burner edge. This happens as a 

result of the velocity vectors divergence in the higher swirl numbers.   

2. OH* intensity is not affected noticeably by swirl number in the mentioned swirl 

number range and because the flame is lean and premixed CH* and C2* (visible 

zone) intensities are much smaller than OH* intensity and affected by surround 

noise, because they are located in the visible wavelengths rage.   

3. Reaction zone expansion, low temperature gradient, smaller maximum temperature 

and thermal NOx emission are the most important results of the increase of swirl 

number caused by divergence of the velocity vectors as swirl number increases.    
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