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ABSTRACT 

Biogas is a renewable gaseous fuel with low calorific value and a low burning velocity. This 

burning characteristic makes stabilizing biogas flame difficult especially in high flow velocity 

applications, and hence presenting a real challenge for power generation systems. This thesis 

presents an experimental investigation of the effect of burner geometry (i.e., fuel nozzle geometry 

and swirl strength of the co-airflow) on the stability limits of a turbulent non-premixed biogas 

surrogate flame. Three different co-airflow swirl strengths (S = 0, 0.31, 0.79) were implemented 

using swirl generators with vane angle of 0º, 25º and 50º, respectively. Six different fuel nozzle 

geometries were used in order to study the effect of fuel jet centerline velocity on the stability 

limits of a low swirling (i.e., 25º) non-premixed biogas flame. Moreover, the biogas surrogate fuel 

composition was kept constant (60% CH4 and 40% CO2 by volume) using a mixture of pure 

methane and carbon dioxide gases.  

The results of the effect of co-airflow swirl strength on the stability limits of biogas flame 

revealed that the swirl plays an important role on both the flame mode and its stability limits for 

both attached and lifted flames. The experimental results revealed that at low swirl strength the 

attached flame lifts off and stabilizes at a distance above the burner, while at high swirl strength 

the flame remains attached but shortens and burns blue. Overall, the high swirl attached flame was 

found to stabilize over a wider range of flow conditions in comparison to the attached and lifted 

flame produced by low swirl. Importantly, the central fuel jet characteristics (induced by varying 

the fuel nozzle geometry) were found to drastically influence the upper and lower blowout limits 

of the low swirl biogas lifted flame, while multi-hole fuel nozzle geometry was found to 

significantly enhance the stability ranges. 2D PIV data was used to explain the stability limits and 
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the experimental flame results were used to propose semi-empirical correlations capable of 

describing the turbulent biogas blowout stability limits.  
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CHAPTER 1  

INTRODUCTION AND OBJECTIVES 

1.1 Biogas fuel characteristics and engineering applications 

Biogas is a renewable source of energy produced from anaerobic digestion process of organic 

matters. When burned, biogas can be used to generate power and heat. It has many growing 

engineering applications such as gas turbines (e.g.,[1]), spark ignition engines (e.g., [2]), 

household application (e.g., [3]), heating greenhouses and providing carbon dioxide supplement 

for plant growth (e.g., [4]), and cold water production (e.g., [5]). Biogas contains methane diluted 

with a significant percentage of carbon dioxide and a negligible amount of other inert gases (e.g., 

[6]–[9]) and has a lower calorific value than natural gas . Biogas composition varies with the feed 

stock (e.g.,[4], [10]) and anaerobic digestion process (e.g. [11], [12]). For example, the volumetric 

methane content of biogas produced from sewage digesters ranges from 55% to 65%, while 

organic waste digesters produce between 60% to 70%, and landfills between 45% to 55%. The 

biogas heating value (LHV) is proportional to its methane content (it ranges between 361 and 561 

KJ/mole biogas) [13].  

1.2 Combustion challenges 

Several problems are associated with the burning of biogas like any low calorific value fuel 

due to its weak flame stability which results in combustion instabilities (e.g., [14]–[17]). Feeble 

biogas flame stability is attributed primarily to its low burning velocity coupled with high gas flow 

velocity needed for achieving high energy release rate [15], [18]. Studies of low heating value 

flames showed a decrease in the visible flame length, average temperature of various zones, flame 

radiant heat transfer, fuel pyrolysis rate, local concentration of emissions, and particulates 
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formation [18]. It has been reported that dilution of methane (by carbon dioxide, water vapor, or 

nitrogen) significantly influences the thermodynamic property of the fuel mixture and 

consequently the flammability limits (e.g., [6], [7]), flame burning speed (e.g., [19]–[21]), ignition 

(e.g., [22]) and sooting or particulates (e.g., [23]). Since the carbon dioxide specific heat increases 

faster with temperature in comparison with nitrogen and water vapor, it has the most influence on 

declining the adiabatic flame temperature and the flammable zone and range of diluted methane 

flame [6], [7]. Therefore, designing a biogas or low calorific value fuel combustion system would 

require knowledge about flame stability in that a stable flame must be maintained throughout the 

operation conditions of the system [17]. 

1.3 Practical solutions 

The feasibility of several practical techniques have been examined  in order to enhance the 

stability limits of low calorific value gaseous fuels, such as porous burners [24], [25], preheating 

of air, or using catalyzers in premixed combustion [14], [18]. However, non-premixed combustion 

(i.e., diffusion flame) has more industrial applications due to its safer operating conditions and 

control over energy release [18], [26].  Mixing of low heating value gases with high heating value 

gases such as hydrogen or burning with oxygen or oxygen-enriched air increases the combustion 

stability of low calorific value gases [18]. Increasing the amount of carbon dioxide in the 

composition of biogas shrinks the stability limits of a jet diffusion biogas flame, whereas the 

addition of hydrogen significantly enhances these limits [16], [17]. It was shown that the addition 

of hydrogen to biogas increases the emission of pollutants, such as NOx and CO [27]. It has 

recently been reported that piloted non-premixed oxy-combustion can expand the combustion 

operating range of low calorific value fuels [14], [28].  
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Flow control approaches, including swirling flow and nozzle geometry [29]–[31], acoustic 

excitement (e.g.,[32]–[35]), and bluff-body [36], [37] have been shown to benefit flame 

stabilization of gaseous fuels.  For instance, a bluff-body (i.e., a gap between the central 

pipe/nozzle and an annulus), which  expedites the formation of the inner recirculation zone (IRZ) 

[37], has been shown to significantly affect the liftoff and stabilization of non-premixed turbulent 

jet flames [36]. Asymmetric fuel nozzles were also shown to improve the stability limits of non-

premixed methane flames [29]–[31], [38]. Several published studies have reported that large scales 

of turbulence upstream of a flame enhance its flammability limits; for instance, large scales of 

turbulence produced by a mesh placed upstream of biogas flame were found to enhance its 

flammability limits [7]. 

Recirculation of heat and chemically active species, typically generated by a swirling flow 

and/or a bluff-body, were reported to significantly enhance the stability of a flame. (e.g., [7], [15], 

[39]–[45]). The recirculation of a small amount of combustion product into the reactants 

significantly enhances the rate of fuel oxidation [7]. Recirculation of heat and radicals into a lean 

mixture resulted in higher flame speed, broader chemical reaction zones, and extended 

flammability limits [46]. Also, the addition of fuel to a lean stream causes the flame to be more 

resistant to extinction caused by straining [46]. A significant increase in the flame stability range 

of turbulent non-premixed methane-air was obtained by introducing swirl in the co-airflow [39]. 

However, the flow range within which a stable flame could operate was significantly reduced when 

diluting with an as high as 15% carbon dioxide content [40]. It was reported that biogas 

composition with high content of CO2 (e.g., CH4:CO2 = 60%:40%) present a challenge for 

stabilizing non-premixed flames (e.g., [16], [17], [40]). An inner recirculation zone (IRZ) and a 
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lower stagnation point (LSP) at the flame root were observed in turbulent swirling flames [47]. 

The stabilization of a swirling turbulent lifted flame was supported by a strong internal 

recirculation zone (IRZ) [41], [48], [49]. The magnitude of the centerline velocity in a non-reacting 

swirling flow has a significant effect on the size and shape of recirculation zone (vortices) as well 

as the pitch of helical vortices [50]. A detailed literature review is provided in the next chapter.  

1.4 Motivations objectives of the present study 

There is a limited number of published studies on the stability of biogas diffusion flames, 

especially for biogas mixtures/surrogates containing high concentration of carbon dioxide. 

However, there are no published studies that employ flow control techniques, such as swirling co-

airflow and burner geometry in general to examine the stability limits of non-premixed biogas 

flames. Therefore, the present research focuses on experimentally examining the extent of the 

effect of the geometry of the burner (i.e., swirl and fuel nozzle geometry) on the stability of non-

premixed flames burning biogas fuel. Details of the burner geometry and fuel composition as well 

as the test conditions explored in this thesis are provided later on in Chapter 3. 

1.5 Thesis Organization 

The thesis is organized as follows. A comprehensive literature review is provided in Chapter 

2 which expands the review briefly presented in the introduction (Chapter 1). Literature pertaining 

to the challenges of non-premixed combustion of low calorific value gaseous fuels with emphasis 

on the stability aspect of flames is discussed. Chapter 2 also highlights the existing flame stability 

theories and local flame extinction criteria to provide a better understanding of the stability 

mechanisms governing biogas diffusion flames. Chapter 3 provides a detailed description of the 

experimental setup including the geometry of the burner, fuel nozzles and swirling co-airflow. The 
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measurement techniques, error analysis, and experimental test conditions are also reported in this 

chapter. Chapter 4 presents the experimental results and their discussion. Finally, Chapter 5 

provides the main conclusions of the study along with some recommendations for future work.  
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CHAPTER 2  

LITERATURE REVIEW 

Biogas is comprised of methane, carbon dioxide and negligible amount of other inert gases, 

and it is produced from anaerobic digestion process of organic matters (.g., [6]–[9]). The burning 

of biogas, like other low calorific value gaseous fuels (e.g., syngas), is associated with several 

practical challenges involving the stability of the flame. Several published studies have 

investigated different approaches aiming to improve the flame (combustion) stability of these types 

of fuels. A review of these studies reviewed in this chapter is divided into two sections; namely, 

flow and chemistry control technique/approache with more attention paid to the stability of the 

non-premixed (diffusion) flames. In the first section, literature on the effect of chemistry control 

methods including the mixing of low heating value gaseous fuels with high heating value gaseous 

fuels, burning in oxygen or oxygen enriched air, employing catalyzers, and preheating is reviewed. 

In the second section, literature on the effect of flow control methods including upstream turbulent 

intensity, porous burner, acoustic excitement, bluff-body, fuel nozzle geometry, and swirling flow 

is reviewed. Furthermore, both sections present an up-to-date literature on flame stability theories 

which describe flame extinction criteria.   

2.1 Chemistry control techniques 

Flame extinction phenomena can be described based on the balance between the characteristic 

flow and chemical time scales, commonly known as Damköhler number  (e.g., [14], [39], [51]). 

To enhance the stability of the low calorific value fuels, proposed approaches were focused on 

altering these time scales. Chemistry based techniques discussed here focused on methods that 

alter the chemical time scale more than the flow time scale; for instance, by adding hydrogen or 

burning in oxygen or oxygen enriched air. However, chemistry control techniques, such as 
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preheating of air or using catalyzers also enhance the reaction rates (i.e., laminar flame speed) 

which influence the chemical time scale. Below is an overview of each method including their 

advantageous and challenges.  

2.1.1 Preheating of air or gases mixture  

Low flame propagation velocity, along with the high gas velocity associated with the 

combustion of low calorific value gaseous fuels, result in flame instability where preheating the 

gases could alleviate this problem [18]. Massive heat recirculation via burners with large heat 

exchangers, such as ‘Swiss roll’ burner, significantly widens the flammability limits of low 

calorific value fuels. [15]. However, there are several practical challenges associated with 

commercial applications of such a burner due to flame stability issues of low heating value gases 

and the effect of the variation of the fuel composition on the burner design. Furthermore, 

significant pressure drop can occur in these types of heat exchangers due to the large volumetric 

flow rates that result in low energy recovery [15]. It appears that only a single entry of premixed 

fuel and air is used in the Swiss roll burner even though it is capable of multiple entrances for non-

premixed combustion. This could be due to the short mixing time at the center of the roll where 

the combustion occurs. Syred (1977) [15] suggested that the more effective and economical way 

of burning low calorific value fuels, especially at very lean premixed mixture or extremely low 

calorific value fuels in non-premixed combustions, is via a heat exchanger to promote heat 

recuperation from the combustion exhaust gases (e.g., Swiss roll) [15]. The Swiss roll combustor 

has been used mainly in micro scale combustors (e.g., [52]–[55]). These small scale combustors 

are useful in practical applications which require smaller size and higher density power sources. 
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They can also be used as a substitute for commercial batteries due to higher energy density of 

hydrocarbon fuels (potential application) [54], [55]. 

2.1.2 Catalytic combustion 

Oxidizing low calorific value fuels in the presence of catalysts enhances the reactions rate and 

subsequently improves the stability of the flame (e.g., [18], [56]). Catalytic combustion improves 

the operating range of combustion over a wider fuel to air ratio and enables the reactions to occur 

at lower temperatures [56]. There are, however, some limitations associated with catalytic 

combustion, such as catalyst deactivation which typically occurs during cooling. In addition, 

diluting fuels by adding CO2 has a negative influence on most catalysts, which makes this 

technique not a favorable method for burning biogas with high concentration of carbon dioxide 

[56]. Furthermore, the usage of a catalyzer of low calorific value fuels have been limited to 

premixed combustion [18].  However, large fuel flowrate of low calorific value gaseous fuels 

premixed with air results in practical challenges due to handling of the mixture [18]. It has been 

reported that low frequency pressure fluctuations associated with the premixed combustion of 

biogas-air result in instability of the flame [57]. 

2.1.3 Adding high calorific value fuels 

Dual fired burners that use both high and low heating value fuels, which are supplied either 

separately or mixed into the burner, are useful techniques to combust poor quality fuels. These 

burners are capable of switching to 100% high heating value fuels when high heat output is 

required [15]. It is well established that diluting high heating value fuels like hydrogen with a small 

amount of inert gases like carbon dioxide significantly influences the stability ranges and shape of 

jet flames (e.g. [58]). A small amount of carbon dioxide (less than 6.4%) was found to change the 
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shape of the hydrogen flame, resulting in a lifted flame and consequently its blowout, whereas 

higher dilution produced an attached flame and consequently its blowoff [58]. It was reported that 

the flame liftoff height increases and the shape of the flame tapers inward and becomes more 

cylindrical with increasing concentration of nitrogen diluent in a non-premixed flame of methane 

and ethylene [9]. On the other hand, mixing low heating value gaseous fuels like biogas with high 

calorific value gaseous fuels such as hydrogen was found to increase the combustion stability of 

the low calorific value gases (e.g., [16]–[18]). A low ignition energy limit along with a high 

burning rate of hydrogen make it possible to create hybrid fuels of hydrocarbon with the aim to 

improve their stability limits [59]. Adding small amounts of hydrogen, as low as 10%, greatly 

enhances the stability of biogas flames, especially at fuel lean conditions due to wider flammability 

limits (e.g., [16], [17], [59]–[61]).  

Increasing the amount of carbon dioxide in methane narrows the flame stability range/limits 

of a co-airflowing non-premixed flame, whereas the addition of a small amount of hydrogen 

significantly enhances these limits [16], [17]. The addition of as low as 10% hydrogen to biogas 

fuel increased the stability limits by as high as six to seven times that of biogas, which also led to 

a significant increase in co-airflow velocity range [16], [17]. However, published experimental 

results indicated that higher concentrations of hydrogen in biogas mixture (i.e., greater than 10%) 

showed minimal impact on the stability range [16], [17]. 

Although many studies have shown that adding hydrogen to combustible fuels enhances the 

flame stability range especially in the lean region, it could lead to an increase in pollution such as 

soot, NOx and CO emissions [27]. Adding hydrogen results in a reduction in the size of the reaction 

zone, which consequently lowers the residence time along with the cooling of the reaction zone 
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due to excess air [27]. This reduction in the residence time due to hydrogen addition can lead to 

an increase in CO emission, while the higher temperature of the flame front leads to increase in 

NOx emission [27].  

2.1.4 Burning in oxygen or oxygen enriched air 

Burning low calorific value gases with oxygen or oxygen enriched air increases combustion 

stability [18]. In comparison to air-fuel combustion, oxy-fuel combustion results in higher 

adiabatic flame temperatures and burning velocities, while a decrease in flue gas volume leads to 

an increase in energy saving [62]. Zero NOx emission is a consequence of oxy-fuel combustion 

for fuels that do not contain nitrogen. However, CO emission can be generated in case of oxy –

fuel combustion where the oxidizer is diluted with CO2 (typically varies from up to 30% in volume) 

in order to control the flame temperature [62], [63]. This is because the production of the OH 

radical occurs following the chemical reaction CO2 + H → CO + OH in oxy-fuel combustion [62]. 

Measurements of CO emission in a premixed methane oxy-fueled combustion diluted with CO2 

(in order to control the flame temperature) revealed that, even at a fixed residence time, the 

equilibrium CO emission is higher than that in air combustion due to the higher CO2 level mixed 

with the oxidizer combined with slower burnout of the intermediate CO [63]. 

Significant expansion of the operating range of test conditions of a low calorific value fuel 

has been reported in non-premixed oxy-combustion of a CH4/BFG (blast furnace gases) mixture 

using a piloted methane–oxygen flame [14]. Furthermore, another experimental study reported 

that using oxygen-enhanced combustion in a turbulent non-premixed swirling flame was found to 

lower the liftoff height and reduce flame height fluctuations [28]. However, oxy-fuel combustion 

suffers from cost and handing associated with oxygen production [62]. 
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2.1.5 Laminar flame speed 

The dependence of flame stability upon laminar flame speed has been established in the 

literature (e.g., [16], [17], [64], [65]). Even for fully developed turbulent diffusion flames, there 

exists a small laminar diffusion flame region near the flame base which controls the stability of 

the entire attached flame [16], [17]. Entrainment of the air into an attached flame is proportional 

to the laminar burning velocity of a mixture, and the blowoff limit is proportional to the maximum 

laminar burning velocity [16], [17]. 

 Fuel composition of gaseous fuels also influences laminar burning velocity [1], [65]. 

Significant amounts of diluent in low calorific value fuels resulted in a poor laminar flame speed 

of the mixture and consequently a narrower stability range [16], [17], [64], [65]. In fact, the 

literature lacks studies using higher concentration of diluent (e.g., greater than 30% of CO2) due 

to practical challenges associated with the stability of the flame [16], [17]. For example, Hwang 

(2008) [40] reported significant reduction in the stability range when diluting methane with as high 

as 15% carbon dioxide in a swirl stabilizing burner [40].   

However, the addition of hydrogen to biogas fuel significantly enhances the stability limit of 

a biogas flame [16], [17]. This was attributed to the laminar burning velocity of the mixture which 

does not vary much with the concentration of CO2 when mixing with as much as 10% of hydrogen 

[16], [17]. The nonlinear relation between the fuel composition of the mixture (e.g., H2-CH4-CO2) 

and laminar burning velocity resulted in a nonlinear trend between the concentration of hydrogen 

and flame stability limit [16], [17].  
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2.1.6 Concluding remarks 

Chemistry control techniques, which were briefly reviewed above, influence the stability of a 

flame. These techniques can enhance the combustion of low calorific value fuels such as biogas. 

Amongst these methods, which include preheating of air or gas mixture, employing catalytic 

combustion, adding high calorific value fuels, and burning in oxygen or oxygen enriched air, the 

addition of high calorific value fuels appears to be the most effective and practically feasible 

technique due to its simplicity and its beneficial impact on the laminar flame speed and 

consequently flame stability. However, chemistry control techniques can be expensive as some 

require external source (fuel or oxygen), large heat exchangers, or catalysts.  

2.2 Flow control techniques 

Flow control methods have focused on techniques that alter the flow time scale more than the 

chemical time scale. Flow control techniques, such as using a swirl, bluff-body, acoustic 

excitement, porous burner, and fuel nozzle geometry create favorable flow structures which 

promote enhanced mixing. In addition, both the flow time scale, and to some extent the chemical 

time scale, are also affected. Mixing of products with the reactants via flow control techniques 

increases the temperature of the mixture which results in a higher reaction rate (i.e. alters the 

chemical time scale) [42], [43], [47], [66]. Altering the flow time scale influences the heat 

production and dissipation rate which in turn influences flame stability. Below are details of each 

method including their advantages and challenges. 

2.2.1 Downstream turbulent intensity  

It has been reported that large scale turbulence produced by a mesh placed upstream of a 

burner nozzle exit significantly widened the flammability ranges of methane diluted with nitrogen 
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or carbon dioxide (i.e., biogas) [7].  Fractal grids with several mesh-sizes, which acted as an 

iterative multi-scale pattern, were used for static agitation to raise the turbulence intensity 

downstream of a grid (e.g. [7], [67]). The intense turbulence region extended behind the fractal 

object and decayed further downstream [67]. Fractal grids and the level of ‘fractality’ in a low-

swirl burner are found to increase turbulence and hence combustion rate due to a higher mixing 

rate [67]. Fractal grids increase the mixing rate by modulating turbulence and its rate at which 

energy is supplied to the flow [67]. Furthermore, increased turbulence intensity due to the fractal 

grid directly increased the combustion burning rate since the turbulent flame speed (St) is linearly 

related to u’ (rms velocity). Fractal grids were shown to increase the power densities of the same 

burner and therefore can be used in many practical/industrial applications such as low-swirl 

burners [67]. Turbulent flame speed is influenced by the flame brush thickness and the flame 

surface density, while intense turbulence results in a finer wrinkled flame front [67]. However, 

wrinkling of the flame front affects the burning rate. The local flame front burns with a laminar 

flame speed when the effect of stretch and curvature of a wrinkled flame front on the laminar flame 

speed is minimum. The flame surface determines the local burning rate [67]. Furthermore, a fractal 

grid can make the flame more compact, since finer wrinkled flame surfaces fold into a smaller 

volume [67]. It was reported that implementing fractal grids in a premixed low swirl burner 

influenced the shape and position of the flame due to increased burning rate and brush thickness, 

resulting in higher upstream mean velocity that stabilized the flame closer to outflow [67]. 

However, fractal grids and the level of grid fractality were found to increase the pressure drop 

across the grids, which negatively affected the efficiency of the burner. In addition, in some 

practical applications, such as premixed low-swirl burners, the effect of pressure drop along the 
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fractal grid limits the amount of flow passing through the central non-swirling section which in 

turn affects the performance of the low swirl burner [67].  

2.2.2 Porous burner 

Premixed combustion inside a rigid inert porous medium is a promising new technology that 

improves combustion stability, especially that of low calorific gases, and also considerably reduces 

the burner size in comparison with an open flame (e.g., [24], [68], [69]). A typical porous burner 

consists of two pore size zones initiated with a flame quenching zone (or preheating zone) with 

small pore diameter followed by a high porous cavity size combustion zone [24], [68]. It has been 

found that the strong conductive and radiative heat transfer inside a porous medium (i.e., solid 

phase) produces a uniform temperature distribution of the gaseous phase for preheating the 

reactants, resulting in increased burning velocity and decreased pollutant emissions [24], [68].  

However, the size of the cavities and material of a porous medium have a significant influence on 

the operating range of the burner. In addition, a porous burner requires extra energy to compensate 

for the pressure drop along the porous medium and is limited to the premixed combustion of 

gaseous phase fuels and is therefore subjected to the risk of flashback (e.g., [24]). 

2.2.3 Acoustic excitation 

Several published studies have investigated the effect of acoustic excitation on flames using 

loud speakers. This technique was used to gain better insight into the vortex-flame interaction and 

consequently the control of instabilities triggered by external excitement and vortex shedding (e.g., 

[32]–[35]). For example, it was reported that vortex shedding was a likely cause of instabilities 

which resulted in heat release and pressure fluctuations, and external excitement can be used to 

actively control these combustion instabilities [34].  Strouhal number was used to characterize 
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forcing frequency and natural shedding frequency (e.g., [70]–[72]). Enhanced mixing of a highly 

swirling jet due to external pulsing with forcing Strouhal number equal to its natural Strouhal 

number was found to have an association with the total kinetic energy and the topological structure 

of the flow [70]–[72]. Furthermore, the spread of a swirling pulsed jet was found to be larger than 

that of an un-pulsed swirling jet[70]–[72]. 

Most of the published studies focused on gaining better understanding of the flame-vortex 

interaction via external acoustic excitement rather than practically improving flame stability. In 

addition, these techniques require an external source of energy and the additional cost associated 

with the use of loud speakers.  

2.2.4 Bluff-body 

Bluff-body (the existence of a gap between the central jet and annular co-flow) is another flow 

control approach which was found to benefit the stabilization of turbulent flames (e.g., [15], [36]; 

to cite only a few). Lip thickness of a fuel nozzle also creates a wake flow behind the nozzle rim 

which was found to strongly affect the stability limits of an attached flame [73]. The high mixing 

rate between a fuel and oxidizer in the wake flow behind a thick-walled nozzle led to an increased 

flame temperature of the mixture which resulted in high local burning velocity and consequently 

a higher stability range [74]. A bluff-body in a swirling co-airflow expedited the formation of the 

inner recirculation zone (IRZ) downstream of the burner, especially at low swirl and Reynolds 

numbers [37]. It has been well-established that recirculation of a small amount of combustion 

products into reactants significantly enhances the rate of fuel oxidation (e.g., [7]). Organized flow 

structures in the vicinity of a burner induced by, for example, a bluff-body have control over the 

shape and stability range of an attached flame and its liftoff [75]. A bluff-body, as an inherent part 
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of non-premixed turbulent jet flames, generates different flow structures that exert a significant 

effect on the liftoff and stabilization of a flame where the position of the flame base becomes more 

dependent on the co-flow velocity rather than the central jet velocity [36].  

2.2.5 Swirling flow 

Swirling flows are widely used as flow control approaches which benefit the stabilization 

mechanism of flames (e.g. [15], [39]). Syred (1977) [15] reported the performance of  waste gas 

and air that enters into a cyclone and swirl burner using carbon black waste gas  has a very low 

calorific value (CV ~ 1.84 MJ/m3 or 440 Kcal/m3) [15]. However, details of the flame types and 

the stability ranges were not well-described in this study. Feikema et al. (1990) [39] experimentally 

investigated the advantages of swirling co-airflow on the stability of non-premixed attached and 

lifted flames of three high heating value fuels, including methane and two different mixture of 

hydrogen and methane. Numerous studies investigated swirling turbulent flames and showed 

significant enhancement of the stability limits for both low and high heating value fuels (e.g., [15], 

[29], [39]–[44], [76], [77]). It was reported that the main advantage of cyclone/swirl burners is in 

introducing aerodynamic recirculations downstream of a burner with low pressure drop [15]. The 

aerodynamic recirculations promoted by swirling flow are responsible for recirculating heat and 

chemically active species which enhance the rate of fuel oxidation and consequently improve the 

stability of the flame (e.g., [7], [39]–[46], [50], [78]). In a recent study, it has been reported that 

the weak flame stability of a fuel lean mixture stream is susceptible to extinction caused by high 

straining [45]. It also reported that resistance of a weak flame stability to higher strain rate can be 

achieved by recirculation of heat and chemically active radicals [46]. In addition, higher flame 
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speeds, broader reaction zones, and extended flammability limits of lean fuel mixtures all can be 

achieved via recirculation of heat and chemically active radicals [46]. 

 However, even though it has been demonstrated that swirl flows enhance the stability limits 

of a flame, diluting high heating value fuels with inert gases like CO2 significantly reduces the 

stability limits without proper design of a burner. Effects of fuel dilution using a swirl burner have 

been reported by Hwang et al. [40], who adopted a similar set-up to that of Feikema et al. [39] and 

reported that a small amount of dilution as high as 15% carbon dioxide resulted in a drastic 

decrease in the flame stability range. 

Simultaneous measurement of velocity field using stereo particle image velocimetry (PIV) 

and the OH*-chemiluminescence using planar laser-induced fluorescence (PLIF) in a non-

premixed turbulent swirling flame revealed the existence of an inner recirculation zone (IRZ) 

downstream of a burner and lower stagnation point (LSP) at the flame root [47]. It is well- 

established that the strong IRZ induced by swirling flow is responsible for promoting the stability 

of a turbulent lifted flame (e.g., [41], [48], [49]). The recirculation of hot combustion products into 

reactants induced by the existence of a strong internal recirculation zone (IRZ) inside a swirling 

turbulent non-premixed lifted flame leads to the stabilization of a short and large lifted flame with 

a thin corrugated reaction zone [41]. Measurement of mixture ratios of a non-premixed swirl 

burner have shown that the internal recirculation zone (IRZ) is fuel rich and the average 

temperature inside the IRZ is higher than the surroundings [41], [42], [66]. Simultaneous stereo 

PIV and OH-PLIF measurements in a non-premixed turbulent swirling flame revealed the 

existence of coherent helical vortex called precessing vortex core (PVC) with high velocity 

gradient in the inner shear layer [41], [42], [66]. Snapshots of high-speed PIV measurements of 
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the instantaneous velocity field of the swirling flow showed the existence of coherent zigzag 

arrangement of PVC which is an indication of a 3D helical vortex structure along the axis of the 

burner (e.g., [47], [79], [80]). Several studies have shown the existence of PVCs in the inner shear 

layer around the recirculation zone of swirling flow which create vorticities and strain/turbulence 

structures that are responsible for wrinkling the flame front similar to the shear layer [42], [66], 

[81]. Several experimental investigations reported that the PVCs significantly enhanced the mixing 

rate of fuel-oxidizer (non-premixed) and also mixing rate of the reactant-products which led to 

rapid ignition of the mixture [43], [44].  It was also reported that the presence of PVCs at the IRZ 

led to the roll-up of flame front which in turn enlarged the flame surface [43]. The flame roll-up, 

due to the presence of PVCs at the IRZ, creates a source of heat and chemical radicals of the 

unburned gases (i.e., reactants) especially in the lower stagnation point (LSP) at the flame root.  

This flame roll-up at the LSP causes a rapid ignition and a local increase of heat release and thus 

facilitates flame stabilization [47]. However, swirling flows could also destabilize a flame by 

entraining cold air into the reaction zone and dissipate the heat via cooling the reaction zone 

especially at high swirl strength [39].  

2.2.6 Fuel nozzle geometry 

The geometry of the burner and more specifically fuel nozzle geometry are among other flow 

control approaches which were found to benefit the stabilization of turbulent flames [15], [36]. 

Experimental studies on the stability limits of non-premixed turbulent co-flowing methane flames 

and free jets using nonsymmetric fuel nozzles reported noticeable improvement of jet 

characteristics and consequently flame stability limits [29]–[31], [38]. Improved stability limits of 

non-premixed turbulent jet flames were attributed to enhanced mixing between the fuel and 
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oxidizer caused by higher turbulence intensity in the shear layer generated by a non-symmetric 

fuel nozzle (e.g., [38]). A recent study reported that the interaction between the longitudinal central 

jet velocity and the internal recirculation zone (IRZ) of a turbulent non-premixed swirling flame 

showed an effect on flame stabilization [28]. Increasing the jet velocity pushes the lifted flame 

away from the nozzle [18]. Favorable flow patterns of a swirling flame were achieved by the decay 

of the axial jet velocity which was found to enhance flame stabilization [28]. A similar observation 

was reported on the stability of a turbulent non-premixed flame using a large bluff –body swirl 

burner [45]. The presence of a large buff-body in a swirl burner resulted in the formation of 

multiple recirculation zones at different distances downstream of the burner which was found to 

be controlled by the combination of the central jet velocity and the strength of the swirl [45]. 

However, the interaction between the aerodynamic recirculation zone induced by the swirling 

motion and the magnitude of the central jet flow has also been observed at isothermal flow 

conditions where the size and shape of the recirculation zone (vortices) as well as the pitch of the 

helical vortices were controlled by the magnitude of the central flow [50], [82]. A series of 

experimental tests on isothermal swirling flows revealed several phases due to the interaction 

between the central jet and the recirculation zone, which is shown to exert a great influence on the 

topology of the inner recirculation zone such as a pre-breakdown, partially penetrated vortex 

breakdown bubble (VBB), transition mode, and the central toroidal recirculation zone (CTRZ) 

flow modes [70]–[72]. These flow phases resulted in multiple types of attached and lifted flames 

[83]. 
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2.2.7 Flame extinction criteria 

The following literature investigated the flame extinction phenomena to gain insight on the 

mechanisms leading to flame stability. This literature includes flame extinction phenomena of both 

premixed and non-premixed flames, attached and lifted turbulent swirling or non-swirling jet 

flames, counter flow burner with low or high heating value gaseous fuels. 

 The ratio of the characteristic flow time scale over the chemical time scale expressed in terms 

of Damköhler number was used to describe flame extinction phenomenon. The characteristic flow 

time scale has been found to be controlled by the scalar dissipation rate which in turn depends on 

the strain rate and stoichiometric mixture fraction [51]. Several published studies revealed that 

intermittent local flame extinction occurs as a consequence of a high local strain rate associated 

with a high local scalar dissipation rate (e.g., [84]–[89]). High Reynolds number has been found 

to produce high flow straining and consequently lower reaction zone temperatures which 

eventually result in local flame extinction (e.g., [90], [91]). The high rate of scalar dissipation is 

believed to be related to the imbalance between heat production and dissipation rate (e.g., [89]). 

In addition to scalar dissipation rate and strain rate, the auto-ignition process of the mixture 

has been found to influence the stability parameters such as liftoff mechanism of non-premixed jet 

flames (e.g., [92]). It has been reported that the liftoff height can be strongly influenced when the 

delay time is long enough to allow premixing between fuel and oxidizer especially in fuel-lean 

gases [92]. 

However, the chemical reaction mechanism and the local mixture composition have been 

found to have a strong attribution to the magnitude of the local extinction strain rates [48]. 

Representing the characteristic flow time scale by the stretch rate and based on an effective Lewis 
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number (i.e., the ratio of thermal and mass conductivity), it was demonstrated that an excessive 

stretch rate resulted in insufficient flow time scale that can suppress chemical reactions and 

consequently lead to flame extinction [93]. However, using only Lewis number has been reported 

to be an insufficient method to quantify the extinction mechanism due to the complexity of 

chemical reactions [93]. However, using hydrogen decreased the Lewis number of the mixture 

which was shown to strongly influence the local extinction stretch limit and consequently extended 

the stability limit [49]. Other studies reported that diluting the fuel with inert gases such as CO2 

was found to decrease the magnitude of the extinction strain rate [94]. It has been reported that 

stability of a turbulent non-premixed attached flame is associated with the local scalar dissipation 

rate at the base of an attached flame where the heat conducts into the burner (metal) and 

consequently leads to local flame extinction when the diffusion characteristic time scale becomes 

shorter than the chemical characteristic time scale (i.e., critical Damköhler number) [95]. The flow 

characteristic time scale induced by the ratio of airflow to fuel jet shear stress has an apparent 

effect on the local scalar dissipation rate, which is a major parameter that controls the stability of 

attached flames [95]. 

The stability mechanism of a turbulent non-premixed lifted flame in the presence of swirl 

showed that destabilization of the lower stagnation point (LSP) of a recirculation zone led to the 

quenching of the entire flame (e.g., [42], [43], [47], [66]). Entrainment of fresh air into the (LSP) 

without fuel were shown also to cause local extinction, whereas re-ignition took place when the 

mixture flowed through the boundary of the recirculating burned gases [47]. However, a high rate 

of compressive strain around the LSP caused by the opposed flow led to transient local extinctions 

[47]. The highly intermittent state of reactions caused by mixing and local extinction at the flame 
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root were also shown to destabilize the entire flame [47]. Moreover, fluctuations of equivalence 

ratio of local mixture are also reported to yield large heat-release oscillations and consequently 

pressure oscillations which cause combustion instabilities [96]. In addition to the stability of the 

base of a lifted flame of swirl burner, a recent study on the stability limits of low swirl premixed 

flame of high and low heating value gaseous fuels showed the effect of 3D shear layer which 

dominates the upper blowout limit of a lifted flame [77]. This finding emphasized the role of high 

strain rate in the shear layer on flame extinction [77]. There exist apparent similarities between 

premixed and non-premixed swirl burners in their flame shape and blowout mechanism. This is 

essentially true when in a non-premixed flame the fuel–air mixture becomes partially premixed 

just upstream of the flame front/base as a result of intense flow recirculation induced by the swirl.  

2.2.8 Final remarks and thesis goals 

Flow control techniques reviewed above were found to enhance the stability of low calorific 

value gaseous fuels such as biogas.  Among these methods, which include downstream turbulent 

intensity, porous burner, acoustic excitement, bluff-body, swirling flow, and fuel nozzle geometry, 

it is believed by the author that the most effective and practically feasible approach is the use of 

swirling flow. This is due to the use of swirling flow’s pronounced impact on flame extinction 

criteria, such as scalar dissipation rate and stretch rate caused by the presence of a large internal 

recirculation zone and helical PVC in the shear layer, which can improve the mixing rate and 

consequently enhance stability of the flame. In addition, other flow control techniques, such as 

fuel nozzle geometry and bluff-bodies were found to be simple and effective where their 

combination with swirl flow may benefit overall flame stability.   
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Several problems are associated with the burning of low calorific value gaseous fuels such as 

biogas. This is mainly due to weak flame stability, which is attributed to low burning velocity 

coupled with high gas flow velocity (e.g., [14], [15], [18]).  It is, therefore, clear from this literature 

review that the competition between the characteristic flow and chemical time scale of the reaction 

zone plays a key role on the mechanisms of flame stability. On the other hand, chemistry control 

methods focus on ways to alter the chemical time scale more than the flow time scale, which is the 

opposite focus of flow control methods. Published literature showed that studies concerning the 

stability of biogas flames were focused on chemistry control techniques, especially for 

mixtures/surrogates with low concentration of carbon dioxide or other diluents. Furthermore, many 

of these studies were limited to the premixed combustion even though most of the practical and 

industrial applications involve turbulent non-premixed (diffusion) jet flames.  

The present study employs a flow control technique which consists of combining the effect of 

swirling co-airflow with that of fuel nozzle geometry and use of a buff-body to investigate the 

stability limits of turbulent non-premixed biogas surrogate flame. The study focuses on the 

stability parameters (e.g., liftoff, blowout, and blowoff) of a biogas surrogate flame with high 

concentration of carbon dioxide (i.e., mixture of 60% methane and 40% carbon dioxide, LHV = 

481 KJ/mole biogas) with more particular attention paid to the lifted flame mode. From a practical 

point of view, lifted flame combustion mode was reported to be more efficient than its counterpart 

attached flame mode based on the entropy generation where an attached flame shows higher fuel 

exergy destruction than a lifted flame [97].    
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CHAPTER 3  

EXPERIMANTAL SETUP AND TEST CONDITIONS 

3.1 Test Facility 

The experimental setup, which was designed and fabricated in-house [98], [99], consists 

mainly of a central fuel nozzle surrounded by a swirling co-axial air stream (called hereafter co-

airflow). Both fuel and air discharge into an open chamber at atmospheric conditions as shown in 

Figure 3.1. As shown in Fig. 3.1, the atmospheric chamber is large and has a rectangular shape 

(i.e., 36” × 36” with a height of 65”). The chamber has four acrylic fine screens right at the base 

of the walls to enable ambient air into the chamber and also to minimize external disturbances, 

with a vent located at the top (see Fig. 3.1). A detailed schematic diagram of the experimental 

setup, which includes the flow control panel, flow seeding system, and mixing pipe is shown in 

Fig. 3.1. Fuel and co-airflow rates were controlled, respectively, using Matheson and Brooks 

flowmeters. Air flowmeters were calibrated in-house using a venturi tube technique. A 600 mm 

long cyclone-type mixing pipe, placed upstream of the fuel nozzle, was used to ensure that the 

biogas fuel components (CH4 and CO2) were fully mixed prior to burning. Air was supplied from 

a laboratory compressed line, and methane and carbon dioxide, having a purity of 99%, were 

supplied from compressed cylinders. The operating pressure of the flowmeters was maintained at 

40 PSIG for all experiments in order to compensate for the pressure drop along the supply line, 

seeders, swirl and fuel nozzle. A single biogas composition of 40% carbon dioxide and 60% of 

methane (by volume, where LHV = 17664 kJ/kg) was used during all experiments.  

The configuration of the upper section of the burner, which includes the fuel nozzle and swirl 

generator, is presented schematically in Fig. 3.2(a). The fuel nozzle is interchangeable where any 

of the following nozzles can be used: a nozzle with a central single hole (named nozzle N1, N5, 
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and N6) or a nozzle with a central hole surrounded by multiple peripheral slots/holes (named 

nozzles N2, N3, N4). A schematic diagram of the fuel/central nozzle geometry employed in the 

present study is shown in Fig. 3.2(b). It represents the three distinct nozzle geometries tested in 

this thesis. The aspect ratio of the single hole nozzles was kept constant during this study (i.e., L/D 

= 1).   

The fuel nozzle geometries tested in the present study are shown schematically in Figs. 3.2(c) 

& (d). Fig. 3.2(c) illustrates the geometry of the N2 nozzle as an example which has 4 slots or 

holes; a central hole with a diameter of 2.87 mm surrounded by three peripheral smaller slots each 

with a diameter of 1.4 mm and β = 15º discharge angle. The total cross sectional area of fuel 

nozzles N1 to N4 was kept constant (A = 11 mm2 which corresponds to an equivalent diameter De 

= 3.75 mm), whereas for the other nozzles the diameter was varied. In addition, as it is shown in 

Fig. 3.2(c), the discharge angle of the peripheral slots was varied (15º for N2 and 30º for N3); 

however, the central hole of all nozzles discharges perpendicularly (i.e., at zero degree). 
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Figure 3.1    Schematic diagram of the experimental setup. 
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(a) Burner top section [98], [99] 

 

(b) Nozzle aspect ratio 

 

(c) Nozzle exit angle β (e.g., N2)  

      

N1            N2           N3           N4            N5            N6 

(d) Nozzles cross section 

 

(e) Swirl, vane angle α [98], [99] 

Figure 3.2    Schematic diagram of the burner and the fuel nozzle geometries. 

Details of all investigated nozzles are provided in Table 3.1 where Dc, Dp, n and β refer to the 

diameter of the central hole, the diameter, number, and discharge angle of the peripheral slots, 

respectively. 
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Table 3.1    Characteristics of the fuel nozzle geometry. 

 N1 N2 N3 N4 N5 N6 

Dc (mm) 3.75 2.87 2.87 1.42 3.15 4.45 

Dp (mm) 0 1.4 1.4 1.42 0 0 

n 0 3 3 6 0 0 

β (°) 0 15 30 15 0 0 

De (mm) 3.75 3.75 3.75 3.75 3.15 4.45 

Dc : Central hole diameter 

Dp : Peripheral holes diameter 

n : Number of peripheral holes 

β : Peripheral holes exit angel 

De : Equivalence diameter 

 

Typical design of swirl generator employed in this research is schematically shown in Figs. 

3.2 (a) & (e) [98], [99]. The swirl vane angle (α) illustrated in Fig. 3.2 (e) represents the magnitude 

of angular velocity which controls the swirl strength. In the present study, only the zero, 25-degree 

and 50-degree vane swirl generators, which are called hereafter zero-swirl, low-swirl and high-

swirl, respectively, were used. The zero-swirl was used as a reference. 

The strength of a radial swirl generator depends on the geometry of burner and swirl generator 

along with the flow conditions [100]. However, for a fixed geometry, the swirl vane angle 

dominates the magnitude of swirl strength in comparison with other parameters (details are 

provided in appendix A5). In the present study, the swirl strength was calculated as S = 2/3 × tan(α) 

[29], where α is the swirl vane angle. The implication of this approximation on the results is 

discussed later on in Chapter 5 with more details provided in Appendix A. The flow field was 

Flow control panel 
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characterized using a Dantec Dynamics planar Particle Image Velocimetry (PIV) system 

consisting of a double pulse/cavity ND: YAG laser having a maximum power of 135 mJ per pulse 

and 532 nm wavelength at 15 Hz frequency (adjusted to 10 Hz to match the camera frequency), a 

FlowSense EO 4M camera capable of 10 double frames per second at full resolution of 2048 × 

2048 pixels2 and 8 µm pixel pitch coupled to a Nikon 60 mm AF lens. The laser head consists of 

a 80X80 high power light-sheet optics which is comprised of a number of modules for adjusting 

the light sheet thickness and divergence angle. These modules consist of a light sheet base module 

(9080X0901), Entrance Module P7.4mm (9080X8961), Angle Module 1 (9080X0941), and Angle 

Module 2 (9080X0951). The laser sheet thickness was varied manually by changing the focal point 

of the laser sheet using the lens module mounted on the laser head so that the thickness of the laser 

sheet would be 3 to 4 times bigger than the maximum displacement of a seeding particle passing 

through the laser sheet ([101]), and approximately the same size of the interrogation area. In the 

present study the maximum axial velocity is bigger than the azimuth velocity and thus a laser sheet 

in range between of 0.45-0.75 mm was selected. Furthermore, Dantec Dynamic Studio software 

version 4.1 was used to process the raw PIV images. This software divides the images into a 

specific grid size (e.g., 128128) with small interrogation area (e.g., 1616 pixels2) and estimates 

the average velocity of seeding particles in each interrogation area at every instant of time.  

Processing of the pair of images allows the calculation of the particle displacement from the 

interrogation area of the first image to the second one, and by using the time delay between the 

pair of images, the particles’ instantaneous velocity is determined. Further detail about image 

processing is provided below. The PIV setup is schematically illustrated in Fig. 3.3. Solid particles 

seeders, which were designed and fabricated in-house, were used to seed the flow with TiO2 

particles (nominal size of one micron according to the manufacturer [102] as shown in Fig. 3.1. 
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These seeders are mechanically agitated fluidized bed which consist of a brush connected to a 

vertical shaft as shown in Fig. 3.1. A pack of particles sit at the bottom of the seeder where air or 

gaseous fuel is brought in which lifts the particles to the space above the pack of particles. With 

the aid of manually agitated brush, the air (or fuel) mixes with seeding particles prior to exiting 

out to the burner. The seeding level of the fuel and air flow was controlled by manually changing 

the rotational speed of the shaft/brush and also by adjusting the flow passing through the by-pass 

line.  

 

Figure 3.3   Schematic diagram of the Particle Image Velocimetry (PIV) setup. 

The flow field of view imaged was mainly in the near field which consists of an 82 mm x 82 

mm region above the burner which results in a spatial resolution of approximately 40 μm/pixel. 

About 2000 pairs of instantaneous images were collected for each test case which were processed 

using an adaptive correlation with 32 pixels × 32 pixels and 16 pixels × 16 pixels interrogation 

area (where the latter was adopted in the present analysis) which demonstrated that the results were 
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grid independent. A 50% window overlap was adopted. Laser pulse delay time was adjusted for 

each flow condition depending on the size of the interrogation windows/area and local velocity of 

the flow. This is because particles (10-25 particles per interrogation area) displacement should be 

approximately a quarter or third of the length of each interrogation area to ensure a proper signal-

to-noise ratio [101], [103].  

Dantec Dynamics Studio software uses a multi-step Fast Fourier Transform (FFT) cross-

correlation (i.e., Adaptive correlation technique) technique to estimate the average particle’s 

movement in each interrogation area [101]. The FFT calculation transforms the spatial domain 

(i.e., interrogation area) to the frequency domain and vice versa. As a result, some errors are 

induced which appear as small noise-peaks in the frequency domain. Therefore, some functions 

and filters have to be selected to make the corrections. Functions such as the Gaussian window 

function, which operates in the spatial domain, and filter functions such as Gaussian low pass filter, 

which operates in the frequency domain, were used to reduce errors and/or noise. The Gaussian 

window function uses a weight factor for the grayscale value of particle images of each 

interrogation area to reduce the errors caused by cyclic pattern of the particles. The Gaussian low 

pass filter damps the high frequency components created by small particle size and consequently 

reduces the pixel locking error. PIV velocity vectors validation was also employed to fine-tune the 

processing and to remove spurious vectors, where the peak validation eliminates the invalid 

vectors calculated by improper particle density in each interrogation area. A moving-average 

validation technique which uses interpolation and extrapolation of local neighboring of each 

interrogation area was also employed to substitute the interpolation of wrong vectors [101]. The 

PIV data have then been exported to Tecplot software and further post-processing was carried out 
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with the aid of an in-house developed C++ code to determine the flow characteristics such as 

velocity vectors and streamlines. 

The physical characteristics of the flame such as color, length and liftoff height were measured 

using a color Nikon DSLR camera. Typical attached and lifted flames along with the flame length 

and liftoff height of a typical turbulent swirling diffusion biogas flames are shown in Fig. 3.4. The 

liftoff height or the flame length was obtained by calculating the number of pixels between the 

flame base and the nozzle exit and using the image scale factor. Details about this method are 

provided in Appendix A. 

 

(a)                             (b) 

Figure 3.4   Typical low swirl (a) attached flame and (b) lifted flame. 
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3.2 Test conditions 

The test conditions consisted of varying the fuel and co-airflow rates (i.e., bulk exit velocity), 

fuel nozzle geometry, and swirl strength. However, the volumetric ratio of carbon dioxide in the 

fuel (methane) was kept 40% during all experiments. A summary of the experimental test 

conditions is given in Table 3.2. The procedure for determining the stability map (i.e., attached or 

lifted flame, liftoff or reattachment, blowoff or blowout) of turbulent non-premixed biogas flame 

was achieved by gradually increasing the exit velocity (i.e., volumetric flowrate) of the fuel jet at 

constant co-airflow until the attached biogas flame blows off or the lifted flame blows out (that is, 

in both cases, the flame extinguishes). The experiment was repeated several times and an average 

value was taken so as to obtain the stability limits of the blowoff of an attached flame or the 

blowout of a lifted flame. The repeatability of the experiments, generally 4 to 5 tests at fixed test 

conditions, was found to be within ±5%. Details of error analysis are provided in Appendix A. 

Table 3.2    Experimental test conditions. 

Nozzles N1, N2, N3, N4, N5, N6 

Nozzle orifice shape Circular 

Swirl vanes angle, α (°) α = 0°, 25°, 50° 

Swirl strength (S), 

S = 2/3 × tan(α) [29] 
S = 0, 0.31, 0.79 

Nozzle N1 aspect ratio, L/D 1 

Volumetric ratio, CH4:CO2 60% : 40% 

 

 



34 

 

CHAPTER 4  

RESULTS AND DISCUSSIONS 

4.1 Introduction 

The results on the stability of a turbulent non-premixed biogas flame are presented in this 

chapter, which is divided into three sections. The first section presents the effect of co-airflow 

swirl strength on the stability limits of biogas flame with more focus on the effect of high swirl 

strength (Birouk et al., 2014 [104]), while the effect of nozzle geometry at fixed low swirl strength 

is presented in the second and third sections. The second section presents the effect of fuel nozzle 

diameter on the stability limits of a low swirl biogas flame (Saediamiri et al., 2014 [105]). The 

third section extends the effect of fuel nozzle geometry on the stability limits of a low swirl biogas 

flame to examine the effect of multi-hole nozzle geometries (Saediamiri et al., 2014 [105]).  Each 

section includes semi-empirical correlations to describe the stability limits of the swirling biogas 

flame. These correlations relate the stability limits to the burner geometry, swirl strength, and flow 

conditions based on the effective parameters described in each sections.  

4.2 Effect of the Co-Airflow Swirl Strength on the Stability Limits 

The low swirl biogas flame has been treated comprehensively in the next two sections; thus, 

only additional data and results are presented in this section. However, the flame stability map of 

the low swirl is used in the present section since the focus of the study is on a comparison of the 

biogas flame behavior between the high and low swirl (that is, the effect of swirl strength/number). 

4.2.1 Effect of Co-Airflow Swirl on the Flame Type and Stability Map  

Figure 4.1 is an illustration of the stability map of the 3.15-mm fuel nozzle (N5) turbulent non-

premixed biogas flame for the low and high (25◦- and 50◦-angle vanes, respectively) swirl. This 
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figure shows that the swirl strength (i.e., S = 0.31 & S =0.79) has a drastic effect on the flame type 

and its stability limits. Low swirl produced an attached flame at low jet and co-airflow rates (i.e., 

Vc < 3 m/s and Vj < 7 m/s), which is characterized by a long and narrow attached flame; however, 

at higher flow rates, the flame, which is characterized by a short but a wide lifted stable flame 

burning in blue color, becomes lifted and stabilizes over extended flow conditions (Saediamiri et 

al., 2014 [105]). On the other hand, the high swirl generated only an attached flame but over more 

extended flow conditions in comparison with that of the low swirl. The (attached or lifted) flame 

stability region appears to be in the lean mixture zone according to the stoichiometry ratio, which 

is based on the flow rate of the fuel and co-airflow. Figure 4.2 presents typical images of the stable 

attached flame of the high swirl. This figure shows that there exist mainly two types of flames. In 

the co-airflow velocity range Vc < 1 m/s, the flame is either slightly lifted (within 0.3 m/s < Vc < 

0.7 m/s) approaching the blowout limits or attached outside of this lifted zone. However, the 

characteristics of these flames are similar in that both are long and sooty. For the co-airflow 

velocity range of Vc > 1 m/s, the biogas flame is attached throughout. The latter is shorter and 

wider than that in the range of Vc < 1 m/s and also burns in blue color. 
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Figure 4.1    Stability limits/map of turbulent non-premixed biogas flame for the low (25°-angle 

vanes) and high (50°-angle vanes) swirl with the line Φ=1 represents the Stoichiometric ratio. 

 

 

 

 

 

Figure 4.2    Biogas flame stability limits/map and flame shapes of the high (50°-angle vanes) 

swirl. 
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4.2.2 Flame Characteristics 

Figure 4.3 illustrates typical characteristics of the low swirl lifted biogas flame (details about 

uncertainties in the measurements of flame length, width, and lift-off height are provided in 

Appendix A3). Figure 4.3a reveals that by increasing the velocity of the fuel jet at a constant co-

airflow (in this example, Vc = 6.07 m/s), the flame liftoff height increases and the flame length 

decreases, while the flame width remains almost unchanged (see Figure 4.4). Figure 4.3b shows 

that increasing the velocity of the co-airflow at a constant velocity of the jet (18.14 m/s in this 

example) decreases the liftoff height and increases the flame length while slightly changing the 

flame width. Interestingly, the summation of the liftoff height and flame length, which is the total 

height of the flame, is nearly constant (was found to be approximately 100 mm). In addition, the 

present low swirl results revealed similarities between flames at each blowout limit (i.e., flames at 

the upper blowout limits are similar to F#3 of Figure 4.4, and flames at the lower blowout limits 

are similar to F#1 of Figure 4.4) indicating the difference in the blowout mechanism governing the 

lower and upper limits. Therefore, two distinct correlations were developed for predicting each of 

these limits and were reported in Saediamiri et al. (2014) [105]. 
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(a)                                                      (b) 

Figure 4.3   Flame characteristics (length, width and liftoff height) of the (25°-angle vanes) swirl 

as a function of (a) the jet velocity at a constant co-airflow (Vc= 6.07 m/s), and (b) the co-airflow 

velocity at a constant jet velocity (Vj = 18.14 m/s). 

 

 

    

 

Figure 4.4    Length and liftoff height of the biogas flame of the low (25°-angle vanes) swirl (Vc= 

6.07 m/s. Images are taken at one second exposure time of the camera). 
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Figure 4.5 shows typical characteristics of the stable attached biogas flame generated by the 

high swirl. Figure 4.5a reveals that by increasing the velocity of the high swirl co-airflow at 

constant fuel jet (Vj = 11.79 m/s), the attached flame length and width decrease significantly 

(compare flame F#1a with flame F#2a of Figure 4.6, where the attached flame shortens 

substantially at high co-airflow nearing the blowoff limit as a result of the increased intensity of 

the recirculation zone near the burner exit). However, the slope of the flame height diagram in 

Figure 4.5a changes at higher co-airflow velocity, which is an indication of a change in the flame 

mode, which will be described later on in the “Correlations” section (4.2.4). Figure 4.5b, on the 

other hand, reveals that increasing the velocity of the fuel jet at constant co-airflow (Vc = 6.07 m/s) 

increases the flame length and width (compare flame F#3b with flame F#4b of Figure 4.6, where 

the attached flame becomes tall at high fuel flow rate). Figure 4.6, which shows that the attached 

flame becomes taller with an increased jet velocity, reveals a significant cavity/hole (see flame 

F#4b) at the flame neck/base, which is believed to grow until it quenches the flame. However, the 

attached flame shrinks with increasing the co-airflow velocity (see flame F#2a). It is, therefore, 

clear that the mechanisms governing the blowoff at both limits (i.e., high co-airflow and high jet 

flow) are completely different. 
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(a)                                                             (b) 

Figure 4.5    Biogas flame characteristics (length and width) of the high (50°-angle vanes, S=0.79) 

swirl as a function of (a) the co-airflow velocity at a constant jet velocity (Vj= 11.79 m/s), and (b) 

the jet velocity at a constant co-airflow velocity (Vc = 6.07 m/s).  

 

 

    
F#1a 

Vj = 11.79 m/s 

Vc = 0.9 m/s 

F#2a 

Vj = 11.79 m/s 

Vc = 13.7 m/s 

F#3b 

Vj = 7.5 m/s 

Vc = 6.07 m/s 

F#4b 

Vj = 32.5 m/s 

Vc = 6.07 m/s 

Figure 4.6    Variation of the biogas flame shape of the high (50°-angle vanes, S=0.79) swirl (a) 

when increasing the co-airflow velocity at a constant jet velocity (Vj = 11.79 m/s), and (b) when 

increasing the jet velocity at a constant co-airflow velocity (Vc = 6.07 m/s). (Images were taken 

over one second exposure time of the camera). 
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4.2.3 PIV Measurements and Discussion of Stability Limits 

PIV measurements were performed to characterize the flow field corresponding to the 

different flow conditions/points displayed in Figure 4.7. Points 1 through 3 present three different 

flow conditions in which the co-airflow velocity is kept constant (Vc = 1 m/s) while increasing the 

jet velocity: point 1 (at Vj = 5.44 m/s) where both the low (25◦-angle vanes) and high (50◦-angle 

vanes) swirl have a stable attached flame; point 2 (at Vj = 10.88 m/s) where the high swirl has an 

attached flame but no flame for the low swirl; and, finally, point 3 (at Vj = 21.77 m/s) where there 

is no flame for both swirls. 

 

Figure 4.7    Flow conditions (points) inside and outside of the flame stability diagram where PIV 

measurements were performed. 

 

The flow streamlines and mean velocity magnitude contours of the cold (isothermal) flow 

corresponding to these points are shown in Figure 4.8. An examination of Figures 4.8(1a) and 

4.8(2a) reveals that low swirl does not generate any recirculation at this low co-airflow velocity 

except a small recirculation zone near the nozzle exit due to the bluff-body effect (which dissipates 
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quickly). However, Figure 4.8(1a) exhibits much lower mean velocity on the jet centerline, which 

is why an attached flame takes place. However, a further increase in the jet velocity increases the 

centerline velocity (Figure 4.8(2a)) to beyond the level at which a stable attached biogas flame can 

occur (i.e., high strain rate in the shear layer between the central fuel jet and outer co-airflow). 

However, the presence of a recirculation zone of the high swirl (Figures 4.8(1b)–4.8(2b)) led to a 

decrease in the jet centerline mean velocity and an increase in the entrainment of the ambient co-

airflow into the central fuel jet. The presence of this recirculation led to a fast decay of the jet 

centerline mean velocity and, hence, an increase of the stability limit of the biogas flame, which is 

characterized by a low flame speed. The shrinkage of the recirculation zone as the jet velocity 

increases (compare case 1b with 3b in Figure 4.8) results in an increase of the jet centerline velocity 

(as a result of the reduction in the effect of recirculation zone), which does not create the ideal 

conditions for the biogas low flame speed to take place. The present findings in Figure 4.8 

demonstrate that the magnitude of the centerline mean velocity has a significant effect on the size 

and shape of the recirculation zone (vortices) as well as the pitch of the helical vortices, which is 

in agreement with recent literature [50], [82].  
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1a (low-swirl)                                     2a (low-swirl) 

 

1b (high-swirl)                  2b (high-swirl)                        3b (high-swirl) 

Figure 4.8    Flow streamlines and mean velocity contours of the cold (isothermal) low-swirl flow 

(contours (1a) and (2a) which correspond, respectively, to points 1 and 2 in Figure 4.7) and high-

swirl flow (contours (1b), (2b) and (3b) which correspond, respectively, to points 1, 2 and 3 in 

Figure 4.7) at Vc = 1 m/s and different fuel jet velocity.  

 

Figure 4.9 compares the streamlines and mean velocity magnitude contours of the cold 

(isothermal) flow at point 4 of Figure 4.7 for three different swirl strengths. Figure 4.9a shows no 

recirculation zone and no low mean-velocity region downstream of the burner for the zero-swirl 

flow, which results in no flame. However, the low swirl flow exhibits a significant recirculation 

zone and low velocity region at a distance above the burner, as shown in Figure 4.9b. Figure 4.9c, 

on the other hand, shows that high swirl strength flow shows a larger and stronger recirculation 
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zone as well as a low mean velocity region closer to the burner exit. Due to low burning velocity 

of the biogas, the low mean velocity region downstream of the burner creates the appropriate and 

ideal conditions for the flame to take place. Moreover, the low velocity region downstream of the 

burner exit, which is promoted by the recirculation zone, acts as an aerodynamic flame holder (i.e. 

low and high swirl shown in figures 4.9a and 4.9b). Aerodynamic recirculation enhances the 

combustion by increasing the mixing of the reactants prior to their ignition especially for the lifted 

flame (Figure 4.9b). 

 

a. Zero-Swirl                        b. Low-Swirl                        c. high-Swirl 

Figure 4.9    Flow streamlines and mean velocity contours of the cold (isothermal) flow at point 4 

of Figure 4.7. 

 

Figure 4.10 illustrates the mean velocity vectors of the cold (isothermal) flow at point 5 of 

Figure 4.7 (Vc = 6.07, Vj = 27.21 m/s), which is above the upper blowout limit of the low swirl 

and below the blowoff limit of the high swirl. According to Figure 4.10, increasing the jet mean 

velocity at constant co-airflow (from point 4 to point 5 of Figure 4.7) results in the disappearance 

of the recirculation zone (and consequently the low mean velocity zone) downstream of the burner 



45 

 

 

for the low swirl flow. However, the high swirl flow still exhibits a recirculation zone (and 

consequently a low mean velocity zone) in the vicinity of the burner exit, which is why the 

corresponding stable flame is attached and not lifted. In addition, Figure 4.10 shows a faster decay 

along the jet centerline, which leads to the creation of a very low velocity zone downstream of the 

burner. 

 

a. Low-Swirl                         b. High-swirl 

Figure 4.10    Mean-velocity vectors of the cold (isothermal) flow at typical flow conditions above 

the upper blowout limit of the low-swirl and below the blowoff limit of the high-swirl 

corresponding to point 5 in Figure 4.7. 

 

This zone of low velocity is a condition for the stabilization of a biogas flame. The near-field 

streamlines and velocity magnitude contours of the high swirl illustrated in Figure 4.11 correspond 

to flow points 4, 5, and 6 (that is, increasing the fuel jet velocity at a constant co-airflow), and 

points 4, 7, and 8 (that is, increasing the co-airflow velocity at a constant jet velocity) of Figure 

4.7. Meanwhile, Figure 4.11 shows that increasing the velocity of the jet at a constant co-airflow 

(points 4, 5, and 6) results in breaking down the recirculation, which is accompanied by an increase 

in the centerline mean velocity (i.e., higher strain rate). In fact, the increase in the intensity of the 
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vortex closer to the burner exit appears to create a cavity in the flame base, as it is shown in Figure 

4.6 (F#4b). This cavity in the flame base grows with further increase in the jet velocity (point 6) 

and leads to the complete extinction of the attached flame (blows-off). The increase in the jet 

centerline velocity adversely affects the stability limit owing to the low flame speed of biogas fuel. 

The flow streamlines in Figure 4.11 (for points 4, 7, and 8 of Figure 4.7) reveal that increasing the 

co-airflow at a constant velocity of the jet increases the size and strength of the recirculation zone 

(reverse flow). The flow streamlines at point 7 show that a low centerline mean velocity region 

still exists because of the second smaller recirculation zone in the vicinity of the burner exit (i.e., 

the fuel jet velocity is stronger than the reverse flow). This flow condition makes it possible for a 

short attached flame to exist (Figure 4.6, F#2a). However, further increase in the co-airflow 

velocity leads to an increase in the strength of the recirculation zone (point 8 in Figure 4.7) and, 

consequently, the disappearance of the second smaller recirculation zone (point 7 in Figure 4.11), 

both of which led to an increase of the reverse flow accompanied by an enhancement of the 

entrainment of large pockets of cold fresh air into the flame zone (cooling off the flame). These 

conditions made it challenging for the biogas low flame speed to sustain a stable attached flame. 
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Point 4                                   Point 5                               Point 6 

Vj= 12.4m/s                            Vj= 26.6m/s                           Vj= 41m/s 

Vc= 6.07 m/s                          Vc= 6.07 m/s                           Vc= 6.07 m/s 

 

Point 7                               Point  8 

Vj= 12.4m/s                         Vj= 12.4m/s 

Vc= 9.05 m/s                        Vc= 15.5 m/s 

Figure 4.11    Flow streamlines and mean-velocity contours of the cold (isothermal) flow for the 

high-swirl at points 4 through 8 in in Figure 4.7. 

 

4.2.4 Correlations 

Correlations for predicting the biogas flame stability (blowout) limit of the low swirl are 

reported in Sections 4.3 and 4.4 below (Saediamiri et al., 2014 [105]); therefore, only those 

associated with the high swirl are described in this section. The precessing vortex core (PVC) has 

a significant effect on stabilizing and destabilizing a non-premixed flame. While it helps to create 
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low velocity zones downstream of the burner, which are essential for the stabilization of low flame 

speed combusting fuels, it also entrains excessive cold air that cools off the flame and, 

consequently, causes its extinction. Figure 4.12 depicts typical instantaneous velocity vectors and 

strain rate contours [106] for typical flow conditions pertaining to flame extinction. Figure 4.12 

(points 1 and 3) shows that increasing the central jet exit velocity at a constant low co-airflow 

velocity increases the strain rate along the central jet, which underscores the shear layer that 

governs flame blowoff under such flow conditions. Similar observations can be seen for points 4 

and 6 in Figure 4.12 (where the jet exit velocity is increased at a relatively higher co-airflow 

velocity). However, the flow structure at the blowoff conditions at high co-airflow is quite different 

than that at high jet velocity. Figure 4.12 (points 4 and 8) shows that increasing the co-airflow at 

a constant jet velocity increases the strain rate in the outer shear layer between the recirculation 

zone and the co-airflow, which leads to the formation of 3D helical PVC. This intense strain rate 

is believed to involve heat loss from the flame (i.e., causes high scalar dissipation rate), which 

consequently leads to its extinction. 
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Point 1                                 Point 3 

 

Point 4                                 Point 6                                       Point 8 

Figure 4.12    Instantaneous velocity vectors and strain rate (s) (×1000 s-1) of the high-swirl cold 

(isothermal) flow conditions at points 1, 3, 4, 6 and 8 in Figure 4.7. 

 

Figure 4.13 illustrates a schematic diagram of the interaction between the flame and 

recirculation zone of the three different types of flames at flow conditions nearing the blowoff 

limit shown in Figure 4.14. Figure 4.13 indicates that increasing the velocity of the co-airflow, 

×1000 

(1/s) 

×1000 

(1/s) 
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which leads to an increase in the size and magnitude of the recirculation zone, is not the only 

parameter that controls the stability of the turbulent biogas flame. According to this figure, the 

interaction between the central fuel jet and the recirculation zone results in various types of biogas 

flames that have different blowoff mechanisms. For instance, the change in the slope of the flame 

height (i.e., length) of the high swirl, shown in Figure 4.5a, indicates a transition in the flame mode. 

For flame type (a), which occurs at low co-airflow velocity, it is believed that most of the fuel 

passes through the recirculation zone (Figures 4.8(1b) and (2b)) due to the fact that both the co-

airflow and recirculation are weak. This type of flame is similar to a diffusion jet flame at zero-

swirl. However, this flame (type (a)) is more stable due to the enhanced decay of the flow 

centerline mean velocity induced by the recirculation zone. According to this flame type, the 

blowoff limit is a linear relationship between the fuel jet and co-airflow velocity. It was shown in 

Figure 4.8 that the stability of the attached flame depends on the presence of a recirculation zone 

whose strength depends on the co-airflow velocity. It is, therefore, plausible to assume that Vj ∝ θ 

or Qj ∝ θ, where Qj is the fuel flow rate and θ = Vc × S, where Vc is the co-airflow velocity and S 

is the swirl number (S is defined as 2/3 × tan(α) where α is the swirl vane angle [107]). 
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Type (a)                   Type (b)                  Type (c) 

Figure 4.13    Schematic diagram of flame shape (dashed line) and its interaction with 

recirculation zone. (a) Most of the fuel passes through the recirculation zone (centerline), (b) 

Fraction of the fuel flows around the recirculation zone and the remainder passes through the 

recirculation zone, (c) Almost all the fuel flows around the recirculation zone. 

 

Figure 4.14    The high-swirl attached flame types nearing the blowoff flow conditions. 
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Using the blowoff data of flame type (a) of Figure 4.14, and applying the least square method, 

a linear relationship between the fuel jet flow rate [Qj expressed in liters per minute (LPM)] and 

the flow characteristic angular velocity (θ expressed in m/s) is found as follows: 

𝑄𝑗 = 4.2891 × 𝜃 + 2.6021  with 𝑅2 = 0.9785            (4.1) 

This relationship is plotted in Figure 4.15a. For flame type (b), which occurs at the vicinity of 

the upper blowoff limit (i.e., at high fuel jet velocity) at moderate to high co-airflow velocity, it is 

believed that a fraction of the fuel passes around the recirculation zone and the remainder flows 

through the recirculation zone (Figure 4.13) where the recirculation zone is located inside the flame 

reaction zone. According to the instantaneous images of the flame type (b), at flow conditions near 

the upper blowoff limit (see F#4b in Figure 4.6), the occurrence of a cavity in the near-field flame 

zone might be the result of high strain rate at the jet near-field, which decreases the local fluid 

dynamics time scale and, hence, causes flame extinction [43]. Observation of the length of flame 

type (b) reveals that its height increases with the jet velocity and decreases with the co-airflow. 

That is, 

𝐿 ∝  𝑉𝑗   and  𝐿 ∝  (𝐶1 − 𝑉𝑐); That is,  𝐿 ∝   𝑉𝑗 ×   (𝐶1 − 𝑉𝑐)         (4.2) 

where L is the flame length, C1 is a constant at which the upper blowoff limit reaches the Vc 

axis of Figure 4.15a (i.e., Vc = 13 m/s). The term Vj × (C1 - Vc) is a characteristic velocity square, 

which describes the fluid mechanics of flame type (b). Using the experimental data of the blowoff 

limit of flame type (b), a linear relationship was obtained as follows: 

𝑄𝑗 × (𝜃𝑐𝑟 − 𝜃) = −17.61 × 𝜃 + 167.02  with  𝑅2 = 0.9965         (4.3) 

This relation (Qj is expressed in LPM and θ is expressed in m/s) is plotted in Figure 4.15b, 

where θcr (= 10.25 m/s) is based on Vc = 13 m/s and S = 0.79. However, increasing the velocity of 
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the co-airflow, the flame close to the lower blowoff limit of flame type (b) shrinks and exhibits a 

shape similar to that of flame type (c) of Figure 4.13. A single correlation (see Figure 4.15c, where 

Qj is expressed in LPM and θ is expressed in m/s) can also be used for both flame types (a) and 

(b), which is expressed as: 

𝑄𝑗 (
𝜃𝑐𝑟−𝜃

𝜃
) = −34.104 ×  𝐿𝑛(𝜃) + 72.308  with  𝑅2 = 0.9943         (4.4) 

For flame type (c) shown in Figure 4.14, which occurs at flow conditions nearing the lower 

blowoff limit (i.e., at very low fuel jet velocity) at moderate to high co-airflow velocity, most of 

the fuel does not pass through the recirculation zone due to a weak jet momentum (see points 7 

and 8 in Figure 4.11). It is believed that closer to the blowoff limit of this flame type, high co-

airflow combined with low velocity (flow rate) of fuel jet results in a low heat release and a high 

heat dissipation (i.e., high scalar dissipation rate), which consequently leads to flame extinction. 

A linear relationship describing the blowout limit of flame type (c), which is shown in Figure 

4.15a, can be expressed as follows:  

𝑄𝑗 = 0.5739 × 𝜃 − 2.1262  with 𝑅2 = 0.989         (4.5) 

These correlations can be very helpful for practical applications. This is because their 

formulation is based on the two most influential parameters, which also are known a priori, that 

is, the fuel jet flow rate and the characteristics of the swirling co-airflow (the exit velocity and 

swirl strength). However, generalizing these correlations will require further studies, which 

include varying the burner geometry (e.g., fuel nozzle diameter) and the biogas composition. 



54 

 

 

 

Figure 4.15    Blowoff correlations for flame type (a), flame type (b), and (c) both flame type (a) 

and (b). 
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4.3 Effect of fuel nozzle diameter at low swirl strength 

The results on the effect of fuel nozzle geometry are presented in this section where two fuel nozzle 

diameters were examined. These two nozzles have two distinct inner diameters (3.15 mm and 4.45 

mm) where the external diameter was kept constant (OD = 12 mm).   In addition, more detailed 

data on the effect of low swirl strength on the stability of biogas flame is provided in this section. 

This section puts more emphasis on the interaction between the fuel flowrate and the low strength 

swirling co-airflow and its effect on the stability limits of turbulent non-premixed low swirl biogas 

flame. 

4.3.1 Effect of co-airflow 

According to the stability diagram of the 4.45 mm (N6) fuel nozzle, shown in Fig. 4.16, the 

blowoff limit, which occurs at low co-airflow velocity, is nearly identical for both the zero-swirl 

and low-swirl strength. However, there is no stable flame that could be observed for zero-swirl at 

co-airflow exit velocity greater than approximately Vc = 3.77 m/s. Beyond this co-airflow exit 

velocity, a stable (attached or lifted) flame is observed at low-swirl strength. An attached to 

transient (from attached to lifted) flame is observed in the co-airflow range up to Vc = 6.07 m/s, 

beyond which only a lifted stable flame is observed within the co-flow velocity range up to Vc = 

12.02 m/s. 

Figure 4.16 also shows images of typical stable attached flame of biogas-air with zero-swirl 

(left hand side, upper image) and with low-swirl (left hand side, lower image). These two images 

are very similar and both indicate the negligible effect of low-swirl at weak co-airflow velocity. 

Images of the lifted biogas flame are displayed at the right hand side of the diagram in Fig. 4.16, 

which illustrate the effect of low-swirl at relatively strong co-airflow (high exit velocity). Within 

this co-airflow velocity range, a short and blue in-color lifted flame can be stabilized. These images 
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suggest that the height of the lifted flame is also influenced by the velocity magnitude of the 

central/fuel jet. 

 

Figure 4.16    Stability limits of turbulent non-premixed biogas flame of the D= 4.45 mm (N6)   

diameter fuel nozzle for the zero- and low-swirl. 

 

Moreover, Fig. 4.16 reveals that the lifted biogas flame is only stable within a defined velocity 

range of both fuel/central jet and co-airflow. These limits or boundaries are distinguished by 

increasing the fuel jet exit velocity at different co-airflow exit velocity. The boundary at lower fuel 

jet velocity is called the lower blowout limit, which is the limit below which no stable lifted flame 

could be observed (or stabilized). The upper blowout limit is obtained when a stable lifted flame 

will finally quench when the fuel jet exit velocity is further increased. 

4.3.2 Flame mode 

The color images of the biogas flame, shown in Fig. 4.17, illustrate the transition from an 

attached to a lifted flame of the low swirl strength. Figure 4.17(a) shows an attached flame that is 
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long and narrow near the blowoff limit. The flame is blue near the nozzle and becomes luminous 

with a yellow color farther downstream. This change is an indication of the formation of pollutants 

and soot particulates. Figure 4.17(b) shows the type of flames observed during transition from an 

attached to fully lifted flame. This flame regime is found to depend on both the fuel jet and co-

airflow exit velocity. In this regime, the height of the attached flame decreases continuously with 

the increasing of the co-airflow velocity until it starts necking and then lifts off the burner. This 

attached flame (Fig. 4.17(b)) burns mainly with a blue color but still yellow at its tip. Further 

increase in the co-airflow velocity lifts the flame off the burner where the flame becomes short, 

large, and stable at a height from the burner (Fig. 4.17(c) and (d)). It burns completely with a blue 

color. Fig. 4.17(d) shows that, by keeping the co-airflow exit velocity unchanged and increasing 

the fuel jet, the liftoff height of the lifted flame increases and the flame becomes shorter and wider 

than the lifted flame that is closer to the nozzle (Fig. 4.17(c)). It is important to mention here that 

the lower blowout limit of the lifted flame is achieved by increasing the fuel jet velocity at constant 

co-airflow velocity until the onset of a stable lifted flame. Once the lifted flame is stable, it was 

observed that reducing the fuel jet velocity at constant co-airflow (for Vc ≥ 6.07 m/s) led to blowout 

at similar or sometimes slightly lower fuel jet velocity than that at which it started. Flame hysteresis 

occurs when a stable lifted flame transits to an attached flame by lowering the fuel jet velocity (for 

Vc < 6.07 m/s). However, the effect of hysteresis on the stability limits reported here was found to 

be marginal in comparison with the effect of nozzle geometry and swirl strength. 
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(a) Attached flame (Vc = 

1.77 m/s, Vj = 7.2 m/s) 

(b) Attached flame for S = 

0.31 (Vc = 5.29 m/s, Vj = 

7.2 m/s) 

(c) Lifted stable flame near 

the lower stability limit (Vc 

= 6.07 m/s, Vj = 7.2 m/s) 

(d) Lifted stable flame 

near the upper stability 

limit (Vc = 6.07 m/s, Vj = 

13.2 m/s) 

Figure 4.17    Flame shapes of the 25° angle vanes swirl (S= 0.31) of the D= 4.45 mm diameter 

fuel nozzle (N6). 

 

4.3.3 Effect of fuel nozzle diameter 

Figure 4.18 depicts the biogas flame stability map for two different nozzle diameters with the 

same aspect ratio. Although the trend of the stability limits of both fuel nozzles looks similar, the 

nozzle diameter has a noticeable effect on the boundaries. The blowoff limit of the attached flame 

is slightly higher with the larger nozzle (Fig. 4.18). As it can be seen in Fig. 4.18, the trend of the 

flame liftoff in the transition region (i.e., attached to lifted flame) is significantly affected by the 

nozzle diameter. The interesting observation concerns the stable lifted flame zone, where the 

relationship between the velocity of the fuel jet and the velocity of the co-airflow is similar for 

both nozzles. The upper limit of the flame blowout, for both nozzles, shows a nearly linear 

relationship between the velocity of the co-airflow and the fuel jet. 
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Figure 4.18    Biogas flame stability limits of the (a) D= 4.45 mm nozzle (N6) and (b) D= 3.15 mm 

diameter nozzle (N5). 

 

Figure 4.19 reveals that the area/zone of the lifted flame for the smaller nozzle starts and ends 

slightly at lower co-flow velocity than that of the larger nozzle. However, the most interesting 

phenomenon observed in Fig. 4.19(a) is that the smaller nozzle has a larger stable lifted area/zone 

than that of the greater fuel nozzle. Figure 4.19 shows that the flame blowoff limit, which occurs 

at low co-airflow velocity, is a function of the fuel jet exit velocity. This suggests that the flame 

blowoff limit solely depends upon the magnitude of the shear layer at the interface between the 

central/fuel jet and the co-airflow. According to the stoichiometric ratio line, Φ = 1 (Fig. 4.18(b)), 

which is calculated based on the fuel flow rate ratio to the co-airflow flow rate, the flame blowoff 

limit increases with the co-airflow exit velocity in the rich region (Φ > 1); however, it becomes 

almost constant and independent of the velocity of co-airflow in the lean conditions (Φ < 1). The 

same figure shows that the stable lifted flame for both nozzles is in the lean zone (Φ < 1). It is 

possible that the combustible mixture might be in the ultra-flammability limit (Fig. 4.19(b)), since 
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not all the co-airflow delivered mixes with the incoming fuel. The color of the biogas flame within 

this lifted region (with excess air) is blue without any yellow color (i.e., absence of soot and 

particulates) and is the result of high level of turbulence and mixing rate. Comparison of the lifted 

flame stability limits between the two nozzles based on the fuel flow rate (Fig. 4.19(b)) reveals 

that the larger nozzle has a wider range. Since the fuel composition is kept constant (and 

consequently constant viscosity and density), the parameter Vj × D (i.e., the velocity of fuel jet 

multiplied by the diameter of the fuel nozzle), which is representative of Reynolds number of fuel 

jet, is used to present the biogas flame stability map in Fig. 4.19(c). 

According to this figure, since the area of the stable lifted flame for both nozzles is almost 

within the same range of Reynolds number of the fuel jet, it is believed that Reynolds number of 

the fuel jet is an important parameter in determining the minimum and maximum velocity of the 

jet for which a stable lifted flame could be observed where Vj × D ranges between 23.5 and 127 

mm × m/s. 
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(b)                                                                       (c) 

Figure 4.19    Biogas flame stability limits as a function of (a) the exit mean-velocity of the fuel jet 

versus the exit mean-velocity of co-airflow; (b) the flow rates of fuel jet versus the exit mean-

velocity of the co-airflow; and (c) the exit mean-velocity of the jet times the fuel nozzle diameter 

(similar to Reynolds number) versus the exit mean-velocity of the co-airflow. 
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4.3.4 PIV results 

PIV measurements were performed to characterize the flow field in the flame and its 

corresponding cold (isothermal) flow conditions. Figure 4.20 presents the streamlines of the mean-

velocity contours and their corresponding mean-velocity vectors of the cold (isothermal) flow. 

This figure shows the effect of the low-swirl strength (Fig. 4.20(b)) by comparing it with the zero-

swirl (Fig. 4.20(a)) flow field. The streamlines of the zero-swirl show that there is only a small 

recirculation zone closer to the nozzle caused by the fuel nozzle bluff-body effect. The same figure 

shows that the lateral profiles of the mean-velocity along the axial direction of the jet exhibit almost 

no divergence (the 20 m/s vector, shown in the figure, is a measure of the scale of the mean-

velocity). Figure 4.20(b) reveals that the streamlines of the low-swirl strength exhibit a noticeable 

recirculation zone along the axis of the jet flow. Although the magnitude of this recirculation (i.e., 

reverse flow) is smaller than the velocity magnitude of the jet flow, its magnitude grows (i.e., the 

magnitude of the reverse flow increases) and becomes comparable to the magnitude of the jet flow 

in the presence of the flame. The presence of a large low velocity zone along the jet centerline of 

the low-swirl flow provides the ultimate condition for the low burning velocity of the biogas flame 

to take place, as this low velocity region acts as a flame holder that stabilizes the flame. 
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(a) 

 
(b) 

Figure 4.20    Flow streamlines and mean-velocity vectors (20 m/s vector indicates the scale of the 

velocity magnitude) for the cold (isothermal) flow of N5 nozzle at Vj = 7.7 m/s and Vc= 6.07 m/s. 

(a) S= 0 and (b) S= 0.31. 

 

The streamlines of the low-swirl isothermal flow at a constant co-airflow velocity for different 

jet exit velocity are shown in Fig. 4.21. This figure reveals that the onset of the recirculation zone 

downstream of the burner (the position where the flow centerline mean-velocity drops to 

approximately zero) depends upon the jet centerline exit velocity. That is, the recirculation zone 

moves upward when the jet exit velocity increases. The same figure shows that the size of the 
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vortices does change with the jet exit velocity; that is, the shape of the vortices stretches as the 

distance of the vortices from the nozzle increases. According to this figure, and within the flow 

explored area (80 mm height), it appears that the recirculation zone vanishes completely at 

relatively high jet exit velocity (Fig. 4.21(c) and (d)). 

 

(a) Vj = 5 m/s 

 

(b) Vj = 12.4 m/s 

 

(c) Vj = 14.8 m/s 

 

(d) Vj = 22.4 m/s 

 

(e) Vj = 41.5 m/s 

Figure 4.21    Cold (isothermal) flow streamlines for different central jet exit velocity (conditions 

pertaining to a lifted flame region with D = 3.15 mm (N5), S = 0.31 and Vc = 6.07 m/s). 

 

The profiles of the centerline mean-velocity decay of the cold jet at a constant co-airflow 

velocity in the lifted region of the low swirl are illustrated in Fig. 4.22 (they correspond to the 

conditions of Fig. 4.21). These profiles show that the velocity decay on the jet centerline prior to 

reaching to the recirculation zone is similar to the profile of a simple jet. This figure also shows 

that  as the recirculation zone is pushed upward, the slope of the mean velocity decay near the 

recirculation zone decreases (i.e., vortices are stretched). 
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Figure 4.22    Cold (isothermal) flow centerline axial mean-velocity decay (for D = 3.15 mm (N5) 

and S = 0.31) at Vc = 6.07 m/s. 

 

The present PIV results at low-swirl strength and constant co-airflow velocity revealed that a 

simple characterization of the recirculation zone based only on the co-airflow velocity and the 

strength of the swirl, as conventionally reported in the literature (e.g., [39], [40]), does not always 

work. The present findings are in line with those of Alekseenko et al. [50] who demonstrated that 

the magnitude of the centerline velocity has a significant effect on the size and shape of the 

recirculation zone (vortices) as well as the pitch of the helical vortices. 

Figure 4.23 shows the streamlines and mean-velocity magnitude contours of the lifted biogas 

flame when holding the co-airflow velocity constant and varying the fuel jet velocity (Fig. 4.23(a) 

and (b)) or when keeping the fuel jet exit velocity constant and varying the co-airflow velocity 

(Fig. 4.23(b) and (c)). This figure shows that the height of the recirculation zone above the burner 

(defined here as the distance between the burner exit and the recirculation zone) increases when 

increasing the velocity of the central/fuel jet (compare Fig. 4.23(a) with (b)). Also, increasing the 

co-airflow velocity at constant velocity of the jet decreases the recirculation heights (compare Fig. 
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4.23(b) and (c)). The plots corresponding to the lower flame blowout limit (Figs. 4.23(a) and (c)) 

have similar structure and recirculation height. The zig-zag arrangement of vortices in these figures 

(Fig. 4.23(a) and(c)) indicates the existence of 3D helical vortex structure [42], [43]. Similar trends 

were observed in the absence of flame (i.e., isothermal flow). The flame with lower liftoff height 

has larger pitch (compare Fig. 4.23(a) or (c) with (b)). This is in agreement with the findings of 

Alekseenko et al. [50] that the pitch of the helical vortices is a function of the swirl strength and 

the centerline velocity. 

 

(a)  Vj = 12.3 m/s, 

Vc = 6.07 m/s 

 

(b) Vj = 20.9 m/s, 

Vc = 6.07 m/s 

 

(c) Vj = 20.9 m/s, 

Vc = 7.79 m/s 

Figure 4.23    Variation of the recirculation (streamlines) zone with the fuel/central jet exit velocity 

in the presence of flame. 

 

Figure 4.24(a) presents the position of three different stable lifted flames and an attached flame 

of the 4.45 mm fuel nozzle (N6). These lifted flames (F#1–F#3) are chosen along a line where the 

velocity of the co-airflow varies approximately linearly with the velocity of the jet. Figure 4.24(b)–

(d) shows the mean-velocity vectors of the lifted flames F#1 (Fig. 4.24(b)), F#2 (Fig. 4.24(c)) and 

F#3 (Fig. 4.24(d)). These figures reveal the similarities between the flow fields with different flow 
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exit conditions (different jet and co-airflow exit velocities). Surprisingly, this figure shows that the 

relative magnitude and the profiles of the fuel jet and co-airflow are nearly similar (compare Fig. 

4.24(b), (c) and (d)). This suggests that, in order for a stable lifted flame to occur, the dynamics of 

the swirling flow field should not be affected significantly by the flow exit conditions. It is, 

therefore, possible to determine a priori the conditions for the occurrence of a stable lifted flame 

based only on the cold flow characteristics. 
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(b) F#1. Vj = 10.4 m/s 

Vc = 6.07 m/s 

 

(c) F#2. Vj = 16.6 m/s 

Vc = 7.79 m/s 

 

(d) F#3. Vj = 25 m/s 

Vc = 10.31 m/s 

Figure 4.24    Comparison of (a) the position of different lifted flames (Flame #1, 2 and 3), and 

(b) their recirculation zone with S = 0.31 and D = 4.45 mm (N6). 

 

The results above confirmed that the recirculation zone height (i.e., the distance from the 

burner where the mean-velocity on the centerline becomes approximately zero) is a function of the 

fuel jet and co-airflow velocity (Fig. 4.25). In fact, Fig. 4.25 shows that the recirculation zone 
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height increases exponentially with the exit velocity of the jet at constant co-airflow velocity. 

However, the rate of this increase drops when the velocity of the co-airflow increases. Images and 

the corresponding recirculation zone (streamlines along with the mean-velocity vectors) of two 

different types of lifted biogas flames of the 3.15 mm nozzle (N5) are provided in Fig. 4.26. It 

shows that the height of the recirculation zone increases with the fuel jet exit velocity (compare 

Fig. 4.26(a) with b)). The same figure (images and streamlines of the flow field) reveals also that 

a stable lifted flame occurs at the shear layer of the co-airflow and recirculation zone whereby 

strong recirculation and reverse flow hold the flame stable at a height above the fuel nozzle. 

 

Figure 4.25    Height (where the centerline axial mean-velocity reaches zero) of the recirculation 

(vortices) from the nozzle/burner of cold (isothermal) flow with D = 3.15 mm (N5) and S= 0.31. 
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(a) Vj = 12.3 m/s 

 

(b) Vj = 20.9 m/s 

 

 

Figure 4.26    Mean-velocity vectors and streamlines of lifted flames at constant co-airflow velocity 

Vc = 6.07 m/s with D = 3.15 mm (N5) and S= 0.31. 

 

Velocity vectors of the cold flow and the corresponding flame (attached flame, F#4 in Fig. 

4.24(a)) for zero and low-swirl strength are plotted in Fig. 4.27. Figure 4.27(a) shows that the 

mean-velocity vectors of the cold flow with zero-swirl spread symmetrically. Figure 4.27(b) shows 

the mean-velocity vectors of the corresponding cold flow, but with low-swirl strength where faster 

spread of the jet occurs. Figure 4.27(c) presents the mean-velocity vectors of a stable attached 

flame with low-swirl strength for the same flow conditions as in Fig. 4.27(a) and (b). It is 

interesting to notice that the flow field is symmetric and reasonably similar among the three 

different flow configurations, which is why there is similarity of blowoff limit between zero-swirl 

and low-swirl flow cases. In addition, Fig. 4.27 shows that the spread of the jet along the centerline 

reduces significantly in the presence of the flame, which is consistent with the observed long and 

narrow attached flame. 
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(a) Cold, S = 0 (b) Cold, S = 0.31 (c) Flame, S = 0.31 

Figure 4.27    Mean-velocity vectors of the cold flow and flame at constant exit mean-velocity of 

the co-airflow in the attached flame region with D = 4.45 mm (N6)  and Vc = 1.77 m/s. (a) Cold 

flow at Vj = 6.2 m/s and S = 0 (#4 in Fig. 4.24(a)); (b) Cold flow at Vj = 6.2 m/s and S = 0.31 (#4 

in Fig. 4.24(a)); and (c) Flame at Vj = 6.2 m/s and S = 0.31 (Flame #4 in Fig. 4.24(a)). 

 

4.3.5 Blowout correlations 

There are several published studies which employed swirl to enhance the stability limits of 

turbulent flames [15], [29], [39]–[44], [76], [77]. For example, Feikema et al. [39] used a burner 

with a V-shape exit in an attempt to increase the effect of the recirculation zone generated by a 

swirling flow. Hwang et al. [40] used a setup similar to that of Feikema et al. [39]  to examine the 

stability limit of landfill gas mixed fuels (methane diluted with up to 15% of carbon dioxide). Both 

studies were successful in creating stable flames over a wide range of test conditions at high swirl 

strength, whereas at low swirl strengths a stable flame was observed only within a very narrow 

range. It is to be noted that the type of most stable flames reported in [39], [40] were long and 

narrow and sit above the recirculation zone. Feikema et al. [39] developed a semi-empirical 
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correlation to describe the upper blowout limit (called rich limit) which is based mainly on the 

swirl angular velocity of the swirling flow. 

Another recent study on the stability limit of premixed flame of high and low heating value 

fuels in a low swirl burner revealed that the dominant character of the upper blowout limit is the 

3D shear layer [77]. Other studies reported that high strain rates at the root of a lifted swirling 

flame are the cause of frequent extinction and re-ignition which consequently blows out when the 

characteristic time in this process exceeds the PVC oscillation time [42]. 

Ballachey and Johnson [77] developed a correlation which is different than that of Feikema 

et al. [39] who suggested that the main controlling parameter is the swirl strength (or angular 

velocity). It is to be noted that the lifted flame of Feikema et al. [39] sits above the recirculation 

zone, whereas that of Ballachey and Johnson [77] coincides with the recirculation zone. 

Although the present burner set-up is different than that of Ballachey and Johnson [77]  whose 

flame is premixed, there is an apparent similarity between the two flames in the shape and also in 

the blowout mechanism. This similarity might be due to the fact that, in the present non-premixed 

flame set-up, the fuel–air mixture becomes partially premixed just upstream of the flame front/base 

as a result of the intense flow recirculation induced by the swirl. Therefore, the same concept 

presented in Ballachey and Johnson [77] is also adopted in the present study in an attempt to 

develop the upper/rich blowout limit. However, the characteristic velocity of the flow shear layer 

is defined here differently due the fact that the present flame is non-premixed. In particular, the 

angular velocity is defined here based on the concept developed by Feikema et al. [39]. That is, 

we defined the velocity characteristic of the jet flow shear layer (Vdiff) as  
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𝑽𝒅𝒊𝒇𝒇 = √(𝑽𝒋 − 𝑽𝒄)
𝟐

+ (𝜽)𝟐         (4.6) 

Where Vj is the average exit velocity of the central (fuel) jet, Vc is the average velocity of the 

co-airflow and θ denotes the characteristic magnitude of the angular velocity at the exit of the 

annular jet. It is defined as θ = S × Vc [39]. The experimental data of the upper blowout of the non-

premixed biogas flame shown in Fig. 4.18 (or Fig. 4.19(a)) were found to collapse onto a single 

line as shown in Fig. 4.28 and can be expressed as 

𝑉𝑗

𝐷1/2 = 0.7496 × 𝑉𝑑𝑖𝑓𝑓 + 0.3273      with       𝑅2 = 0.9944         (4.7) 

 

Figure 4.28    Correlation for the upper blowout limit of the lifted biogas flame (D = 3.15 (N5) and 

4.45 mm (N6), S = 0.31). 

 

This relationship does depend on the fuel nozzle diameter, at least within the range examined 

in the present investigation. According to the knowledge of the present author there is no published 

correlation that describes the lower (called lean) blowout limits of a swirling lifted flame either for 

high or low heating value fuels. In the present study, it is found that the flame lower blowout limit 
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occurs when the vortex pair (recirculation zone) sits closer to the burner/nozzle exit. This is an 

indication that the height of the recirculation zone (the distance from the burner exit until where 

the centerline velocity reaches approximately zero) is an important factor in the lower blowout 

limit. It appears that the lower blowout limit happens when this distance becomes shorter 

independently of the exit jet and co-airflow velocity. When this occurs, the structure of the flow 

field becomes independent of the flow conditions– see Fig. 4.23(a) and (c) which correspondent 

to two distinct flow conditions. Under these conditions, the fuel flow rate is further reduced with 

respect to the available air flow rate (that is why the exit velocity of the fuel jet needs to be 

increased at higher flow rates of the co-airflow in order to maintain stable lifted flame (see Figs. 

4.24 and 4.25)), and the strain rate becomes high close to the nozzle exit. As a consequence, the 

lifted flame extinguishes or blows out. This is believed to be due to the imbalance between heat 

production and dissipation which results in a high rate of scalar dissipation [89]. In addition, due 

to the fact that the lifted flame close to lower blowout limit sits closer to the nozzle exit which is 

a high strain rate region, combined with low fuel flow rate results in a weak equivalence ratio of 

the partially premixed fuel–air mixture upstream of the fame base [42]. Consequently, the lifted 

flame with a low fuel to air ratio (i.e., weak equivalence ratio) would not withstand the high strain 

rate and hence extinguishes [42]. This emphasizes the importance of the fuel flow rate and the 

mechanism of mixing (swirl strength which in turn depends on the co-airflow momentum) in 

determining the lower blowout limit. 



75 

 

 

 

(a)                                                              (b) 

Figure 4.29    Centerline axial mean-velocity decay of the cold (isothermal) flow for different jet 

flow rates at S = 0.31 with D = 3.15 (N5) and 4.45 mm (N6) for (a) Vc = 6.07 m/s, and (b) Vc = 

7.79 m/s. 

 

Figure 4.29(a) illustrates the centerline mean-velocity decay of the cold (isothermal) flow for 

both nozzle diameters at a co-airflow velocity of 6.07 m/s for three different flow rates of the 

central/fuel jet. According to this figure, the position/height where the centerline velocity reaches 

zero (that is, where the onset of the recirculation zone occurs) appears to be independent of the 

nozzle diameter at low flow rates of the fuel jet. In contrast, this is not the case at higher velocity 

of the central jet (higher fuel rates) where the profiles of the centerline mean-velocity decay of 

both nozzles do not converge to the same zero-velocity point/distance. Similar trends are observed 

at higher co-airflow exit velocity of 7.79 m/s (Fig. 4.29(b)). Therefore, Fig. 4.29 is a clear 

illustration of the dependency of the lower blowout limit on the flow rates instead of the velocity 

magnitude of the fuel jet. In addition, the mixing rate is proportional to the magnitude of the shear 

layer which is expressed here as a function of θ (characteristic magnitude of the angular velocity) 
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and diameter of the fuel nozzle, D (as an indication of the fuel flow rate). According to the stability 

limit diagram based on the flow rate of the fuel jet (see Fig. 4.19(b)), the lower blowout limit of 

both nozzles (transition from no flame to lifted flame) starts at the same co-airflow velocity which 

emphasizes the effect of θcr (θcr is the critical value of θ which is the minimum characteristic value 

to produce a recirculation zone). Moreover, blowout limit of both nozzles have similar relationship 

between the flow rate of the fuel jet and the velocity of the co-airflow which reveals the importance 

of (θ - θcr) similar to the correlation of Feikema et al. [39]. Thus, least square curve fitting was 

applied to the experimental data of the lower blowout limit (shown in Fig. 4.19) and using the 

characteristics parameter described above, a linear relationship between the fuel jet flow rate and 

(θ - θcr)
3/2 was found. The coefficient of this relation was found to be proportional to the diameter 

of the fuel nozzle. This relation, which is plotted in Fig. 4.30, is expressed as 

𝑄𝑗 = 1.9228 × 𝐷(𝜃 − 𝜃𝑐𝑟)3/2 + 5.6403    with     𝑅2 = 0.9823         (4.8) 

Where Qj is the flowrate of the central jet (fuel), D refers to the exit diameter of the fuel nozzle. 

In this experimental setup; the low swirl strength is found to be S = 0.31 and θcr = 1.8817 m/s 

which is observed at Vc = 6.07 m/s. 
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Figure 4.30    Correlation for the lower blowout limit of the lifted biogas flame (D = 3.15 (N5) and 

4.45 mm (N6), S = 0.31). 
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4.4 Effect of multihole fuel nozzle (i.e., the centerline jet velocity) 

The effect of fuel nozzle diameter on the stability limits of low swirl biogas flame is presented in 

the previous section. These results indicated the importance of the centerline jet and its interaction 

with the recirculation zone downstream of the burner, and hence its strong influence the flame 

stability limits. Therefore, in this section, a comprehensive study is reported on the interaction 

between the fuel jet momentum and the recirculation zone downstream of the low swirl burner 

investigated using single-hole and multi-hole nozzle geometries. The focus of the study was to 

develop a novel nozzle geometry that promotes enhanced mixing and consequently extended the 

blowout limits of the lifted biogas flame.  

4.4.1 Biogas flame stability limits 

Figure 4.31a-d presents the turbulent swirling non-premixed biogas-air flame stability map 

for four different nozzle geometries (see Table 3.1) where Qj is the fuel flowrate and Vc is the 

average exit velocity of the co-airflow.  Figure 4.31 shows that the attached biogas flame occurs 

at relatively low co-airflow velocity for all four fuel nozzle geometry where the blow off occurs at 

approximately Vc = 3.2 m/s for N1 nozzle (Fig. 4.31a), Vc = 2.4 m/s for N2 and N3 nozzles (Figs. 

4.31b, 4.31c) and Vc = 1.2 m/s for N4 nozzle (Fig. 4.31d).  Figure 4.31a shows that beyond a co-

airflow exit velocity of 3.2 m/s, an attached to lifted flame is observed in the co-airflow range up 

to Vc ~ 6.75 m/s for N1 nozzle. However, at Vc ≥ 6.75 m/s, only a lifted stable flame is observed 

for the co-airflow velocity in the range between Vc = 6.75 m/s and 12.5 m/s. Figure 4.31b shows 

no transient flame for N2 nozzle where only a stable lifted flame is observed in the range between 

Vc = 2.4 m/s and 15.5 m/s (which is the maximum measured co-airflow velocity). For the N2 

nozzle, a transient from a long and narrow lifted flame to a short and large lifted flame is observed 

in the range between Vc = 2.4 m/s and 7.7 m/s. This clearly shows that the N2 nozzle has a much 
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larger flame stability/operability range compared to the single-slot nozzle N1. As for N3 nozzle 

shown in Fig. 4.31c, once the flame transitions from an attached to lifted, a long and narrow lifted 

flame gradually becomes short and large in the range from Vc = 2.4 m/s up to 7.7 m/s. For Vc ≥ 

7.7 m/s, only a lifted stable flame is observed up to Vc = 12.5 m/s. This clearly shows that the N3 

nozzle with 30º exit angle has the least flame stability/operability range compared to the other 

nozzles (i.e., N1 and N2). However, none of these transient type flames are observed with N4 nozzle 

where only a short and large stable lifted flame is observed in the range from Vc = 1.2 m/s up to 

15.5 m/s (see Fig. 4.31d).  

 

(a) 

 

(b) 

 

(c)  

 

(d) 

Figure 4.31    Stability limits of turbulent non-premixed biogas flame of the 25°-vanes swirl (S = 

0.31) for different fuel nozzle geometries; (a) N1, (b) N2, (c) N3 and (d) N4. 
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The presence of peripheral holes/slots clearly led to enhancing flame stability/operability 

range where N4 nozzle is capable of producing a lifted flame even at very low co-airflow velocity. 

The stability map of the single hole nozzle (N1) is found to have a similar trend to that reported in 

Section 4.3.3 [105] where both nozzles have similar geometry but different diameters (i.e., D = 

3.15 (N5) and 4.45 mm (N6), with the 3.15 (N5) mm nozzle is called N5 in Table 1). The only 

difference is that the upper blowout limit of N1 is not as linear as that of N5, and the blowout limit 

starts to decline beyond Vc = 6 m/s, but the lifted flame sustained itself at fuel flowrates above this 

limit up to a certain range. However, due to fluctuations mainly caused by switching between two 

different lifted flame modes, this lifted flame of N1 nozzle becomes sensitive to ambient 

disturbance and finally quenches at Vc ≥ 6 m/s. In the following sections, the two distinct flame 

modes (attached and lifted) will be presented and discussed separately. 

4.4.2 Attached flame 

Typical images of the attached biogas flame of N1 (Fig. 4.32b) and N4 (Fig. 4.32c) nozzles 

suggest that the geometry of N4 nozzle yields a better mixing and air entrainment even in the 

attached flame regime since it burns mostly in blue color. However, in general, an attached flame 

appears to be tall, narrow, and burns in blue color near the nozzle and becomes luminous (yellow 

color) farther downstream, which is an indication of the formation of pollutants and soot 

particulates [104], [105]. 
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(b) N1                     (c) N4           

Figure 4.32    (a) Stability limits of the biogas attached flame for different fuel nozzle geometries, 

and typical flame images of (b) N1 and (b) N4 nozzles. 

 

4.4.2.1 Stability map of attached flame 

Figure 4.32a shows a comparison of the stability limits of the attached flame between different 

nozzle geometries. Although the attached flame occurs at relatively low co-airflow velocity for all 

four nozzles, the maximum co-airflow velocity for an attached flame depends on the nozzle 

geometry. It is interesting to observe in this figure that, for each nozzle geometry, the maximum 

fuel flowrate for an attached flame has an inverse relationship with the maximum co-airflow 

velocity; that is, if one increases, the other decreases. For instance, N4 nozzle, which has the 

maximum blowoff limit (the highest fuel velocity), has the minimum co-airflow velocity. 

Converseley, N1 nozzle has the least blowoff limit with the higher co-airflow velocity. Images of 
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the biogas flame of N4 nozzle at different co-airflow velocities and constant fuel jet velocity (Qj = 

1.3 LPM) are shown in Figs. 4.33a-f. This figure indicates that increasing the co-airflow velocity 

at a constant fuel flowrate transforms a long and narrow attached flame (Fig. 4.33c) to a short and 

large lifted flame (Fig. 4.33d). Further increase in the velocity of co-airflow results in a lifted flame 

stabilizing closer to the nozzle exit (Fig. 4.33f). A similar trend can be observed for the other fuel 

nozzles but with different co-airflow velocity ranges. Figures 4.34a-d show that increasing the fuel 

jet flowrate at constant co-airflow velocity (Vc = 1.21 m/s) results in a partial liftoff of the flame 

of N4 nozzle; that is, lifted from the nozzle peripheral jets but remains attached to the central jet 

until complete blowoff. Lower velocity of the central jet for N4 nozzle results in a much higher 

blowoff limit compared with the other nozzles, which have relatively higher central jet velocity. 

Figure 4.35 presents typical biogas flame images of the four different fuel nozzle geometries at 

conditions pertaining to attached flame regime (Vc = 1.57 m/s and Qj =1.3 LPM). This figure 

shows a complete attached flame for N1 nozzle (Fig. 4.35a), a semi attached-lifted flame due to 

the presence of peripheral smaller jets for nozzles N2 (Fig. 4.35b) and N3 (Fig. 4.35c), and a 

completely lifted flame for N4 nozzle (Fig. 4.35d). Based on the shape of the flames shown in Figs. 

4.35, the attached flame of N2 close to the nozzle exit is similar to that of N3, which has the same 

geometry as N2 but with different discharge angle (i.e., 30º instead of 15º). The fact that the blowoff 

limits of N2 and N3 nozzles are similar is an indication that the blowoff mechanism depends on the 

flow structures of the flame in the near field of the nozzle.  



83 

 

 

      

(a)                      (b)                   (c)                   (d)                    (e)                   (f) 

Figure 4.33    Biogas flame images of N4 nozzle at Qj =1.3 LPM and (a) Vc = 0.06 m/s, (b) Vc = 

0.63 m/s, (c) Vc = 1.21 m/s, (d) Vc = 1.57 m/s, (e) Vc = 3.19 m/s, and (f) Vc = 5.62 m/s. 

 

 

    

(a)                                (b)                               (c)                                (d) 

Figure 4.34    Biogas flame images of N4 nozzle at Vc = 1.21 m/s and (a) Qj =1.3 LPM, (b) Qj =2.2 

LPM, (c) Qj =3.8 LPM, and (d) Qj =7.7 LPM. 
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Figure 4.35    Mean-velocity vectors of the biogas flames for N1 to N4 nozzles at a fuel jet flow rate 

of Qj = 1.3 LPM and a co airflow Vc = 1.57 m/s. 

 

4.4.2.2 Flow characteristics 

PIV measurements were performed to characterize the dynamics of the reacting flow field. 

Figures 4.35a-d present the mean velocity vectors of biogas attached flame for all nozzles at typical 

fuel flowrate Qj = 1.3 LPM and co-airflow exit velocity Vc = 1.57 m/s (the scale vector with the 

magnitude of 10 m/s is presented at the top of each plot). The corresponding flame image of each 

velocity vector field is provided in the right hand side of each plot. All the attached flames of N1 

to N3 fuel nozzles have similar flow structures except close to the nozzle exit where small 

peripheral jets are noticeable especially for N2. However, N4 fuel nozzle has a completely different 
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flow structure where a low velocity in the central zone can be observed. This is the main reason 

for the establishment of a stable lifted flame as opposed to attached flames of N1 through N3. This 

figure suggests that at low co-airflow velocity, the strong central jet momentum results in a 

complete dissipation of the recirculation zone, which is a crucial factor for stabilizing a lifted 

flame. It can be observed from the near-field of N2 to N4 nozzles that the velocity of the smaller 

(peripheral) jets decays much faster than the larger central jet due to the momentum difference 

between the jets. Swirl effect is negligible at low co-airflow velocities, which results in an attached 

flame for N1 nozzle as the co-airflow velocity has a negligible effect on the centerline velocity 

decay. A similar trend was observed for N2 and N3 nozzles. On the other hand, the centerline 

velocity of N4 nozzle decays much faster (Fig. 4.35d) even with increasing the co-airflow velocity. 

This is why the multi-hole nozzle (N4) enables the generation of a recirculation zone at a low co-

airflow velocity Vc = 1.57 m/s. These results demonstrate that N4 fuel nozzle has much faster 

centerline velocity decay and consequently greater blowoff limits.   

4.4.2.3 Discussion 

The results presented above reveal that the geometry of the fuel nozzle greatly affects the 

mixing of fuel and air. This is because an attached flame of a multi-hole nozzle (e.g., N4) has a 

more blue color flame than that of a single hole one (i.e., N1), as shown in Fig. 4.32b-c.  The 

stability map of the attached biogas flame, shown in Fig. 4.32a, reveals also that enhancing the 

blowoff limit of an attached flame over a wider range of co-airflow by altering the fuel nozzle 

geometry expedites the formation of a lifted flame at lower co-airflow velocities. This is in fact a 

consequence of improved mixing near the nozzle exit. This is in accordance with published reports 

that the stability of an attached flame and its liftoff are controlled by the organized flow structures 
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in the vicinity of a burner [75]. The similar flow structures of N2 and N3 nozzle in the vicinity of 

the burner along with their corresponding flame images, shown in Figs. 4.35b-c, results in nearly 

the same stability limits (Fig. 4.32a). This is indicative of the effect of near-field flow structure on 

the blowoff limit.  

Heat conduction into the burner (metal) from the base of an attached flame induces local scalar 

dissipation rate and consequently local extinction flame, which occurs when the diffusion 

characteristics time scale becomes shorter than the chemical characteristics time scale [95]. The 

ratio of airflow to fuel jet shear stress which affects the local scalar dissipation rate via the flow 

characteristics time scale is a major parameter in controlling the stability of an attached flame [95]. 

The results presented above reveal that the fuel nozzle geometry significantly influences the 

airflow to fuel jet shear stress at the vicinity of the burner. The results showed that a stronger 

velocity decay of fuel jet results in a lower airflow to fuel jet shears stress (Fig.4.35) and 

consequently higher flow characteristics time scale, which leads to an increase in the blowoff 

stability limit.  This is clearly seen in Fig. 4.35, where injecting fuel through a multi-hole nozzle 

(e.g., N4) increases significantly the fuel jet centerline velocity decay in comparison to a single 

hole nozzle (i.e., N1). This results in a lower airflow to fuel jet shear stress and hence higher 

stability limits (Fig. 4.32a).  

Similarities of the centerline velocity decay profiles between the isothermal flow and attached 

biogas flame of N4 nozzle, shown in Fig. 4.36, is an indication that, in addition to the magnitude 

of velocities, the change in the flow structures by chemical reactions seems to be negligible. Higher 

isothermal centerline velocity decay of N4 compared with that of N2 nozzle, shown in Fig. 4.37, 

emphasizes the important effect of the nozzle geometry on airflow to fuel jet shear stress and 
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subsequently flame blowoff limit. In addition to enhancing the fuel jet velocity decay, multi hole 

nozzle induces higher mixing rate, which increases the stability of an attached flame. This 

corroborates published findings which show that an increased mixing rate results in an increased 

flame temperature of the mixture and consequently local burning velocity, which in turn yields a 

higher stability limits [73]–[75]. 

 

Figure 4.36    Centerline profile of the mean axial velocity (Vx) of the isothermal (cold) and biogas 

flame of N4 nozzle at Qj = 1.5, 3.8, 6.3, and 10 LPM and co-airflow Vc = 0.74 m/s. 

 

 

Figure 4.37    Centerline profile of the mean axial velocity (Vx) of the isothermal (cold) flow of N2 

and N4 nozzles at Qj = 1.5, 3.8, 6.3, and 10 LPM and co-airflow Vc = 0.74 m/s. 
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4.4.3 Lifted flame 

4.4.3.1 Stability map of lifted flame 

Figure 4.38a compares the stability limits of the four different nozzles in the transient and 

lifted region (i.e., medium to high co-airflow velocity). The lower boundary of the map, in Fig. 

4.38a, is called the lower blowout limit, which is the limit below which no stable lifted flame could 

be observed (or stabilized), and the upper (boundary) blowout limit refers to when a stable lifted 

flame quenches when further increasing the fuel jet exit velocity (fuel flowrate) at a constant co-

airflow exit velocity. This figure shows that although the trend of the upper and lower blowout 

limit of all four nozzles is similar, the magnitude depends on the nozzle geometry. For instance, 

N4 nozzle has the highest upper blowout and the lowest lower blowout limit of a stable lifted flame. 

In addition, this figure shows that N4 nozzle lifted flame occurs at a lower co-airflow velocity 

compared with the other nozzles. Typical images of the lifted flames of N2 (Fig. 4.38b) and N4 

(Fig. 4.38c) nozzle in the transient region show that N4 nozzle produces a larger stable lifted flame 

which burns completely in blue color, while the N2 nozzle generates a long and narrow lifted flame 

which is luminous farther downstream towards its tip. The fact that the lifted flame burns 

completely in blue color is the result of high level of turbulence and hence mixing [104], [105].  
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(b) N2                  (c) N4 

Figure 4.38    (a) Stability limits of the biogas lifted flame for different fuel nozzle geometries, and 

typical images of (b) N2 and (c) N4 nozzles. 

 

Figure 4.39 presents typical photographs of the biogas flame in the transient region for the 

four different fuel nozzle geometries at Vc = 5.62 m/s and Qj = 3.1 LPM. It shows that N1 nozzle 

produces an attached flame (Fig. 4.39a), N2 nozzle generates a long and narrow lifted flame (Fig. 

4.39b), N3 nozzle, despite having similar geometry to N2 nozzle but with different discharge angle 

(i.e., 30º instead of 15º), produces an attached flame (Fig. 4.39c), and N4 nozzle with several small 

peripheral holes and a central hole creates a short stable lifted flame (Fig. 4.39d). These results 

clearly show that the flame shape and its total length are significantly influenced by the geometry 

of the nozzle. These results are a clear indication of the superior performance of multi-hole nozzle 

(i.e., N4); that is, while a short lifted flame is produced by N4, only an attached flame or a long 
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lifted flame is observed with the other nozzles at the same flow conditions (compare Fig. 4.39d 

with Figs. 4.39a-c). It was reported that a shorter flame length leads to a reduction in the residence 

time and hence NOx formation [16].   

    

(a) N1                           (b) N2                           (c) N3                            (d) N4 

Figure 4.39    Biogas flame images for different nozzle geometries at Vc = 5.62 m/s and Qj =3.1 

LPM; (a) N1, (b) N2, (c) N3 and (d) N4 nozzle. 

 

Figure 4.40 presents typical images of the biogas flame of different nozzle geometries at two 

distinct typical lifted flame conditions within the stability map/limits. These images show that the 

flame liftoff height for the same nozzle geometry appears to be nearly unchanged when changing 

flow conditions within the stability limits. However, the flame liftoff height changes with the 

nozzle geometry. This is a clear indication of the effect of nozzle geometry on the stability of the 

lifted flame. It is clearly demonstrated that N4 nozzle (with the fastest velocity decay) provides the 

best scenario for better biogas combustion. This is because it produces the largest flame stability 

range as the flame lifts off the burner at very low co-airflow velocity, paving the way for an 

improved mixing prior to burning and hence a more efficient combustion. This is evidenced by the 

completely blue color of a lifted flame of N4 as opposed to an attached flame which burns in blue 
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color only near the burner and mostly yellow downstream indicating the level of pollution (flame 

images are provided in later figures).  

   

(a) N1           (a) N2           (a) N4 

   

(b) N1           (b) N2           (b) N4 

Figure 4.40    Biogas flame images for different nozzle geometries at (a) Vc = 5.62 m/s and Qj 

=8.44 LPM, and (b) Vc = 7.71 m/s and Qj =14.87 LPM; (a,b) N1, (a,b) N2 and (a,b) N4 nozzle. 

 

4.4.3.2 Flow characteristics 

PIV measurements were performed to characterize the dynamics of the reacting flow field to 

gain insight into the lifted flame stability and blowout behavior. Figure 4.41 presents the mean 

velocity vectors of the biogas flame of N1, N2 and N4 fuel nozzles for various fuel flowrates Qj = 

3, 8.3 and 11 LPM at a constant velocity of co-airflow Vc = 5.62 m/s (the scale vector of a 

magnitude of 20 m/s is shown on the top of each plot). The corresponding flame image of each 

vector field is presented (at smaller scale) on the lower right hand side of each plot. It can be noted 

that, in addition to the nozzle geometry, increasing the fuel flowrate significantly changes the 

structure of the flow field. Figures 4.41 a,1-a,3 indicate that increasing the fuel flowrate of N1 

nozzle transforms a long and narrow attached flame to a short and large lifted flame while further 
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increasing the fuel flowrate results in the lifted flame (or recirculation zone) pushed farther away 

from the nozzle until its blowout. These results are consistent with the previous findings in the 

second section [105]. Similar pattern can be observed for N2 nozzle in Figs. 4.41 b1-3. However, 

instead of a long and narrow attached flame for N1 nozzle, a long and narrow lifted flame is 

observed for N2 at the same low fuel flowrate (3 LPM) as N1 nozzle. However, as the fuel flow 

rate is increased, the lifted flame (Figs. 4.41 b2-3) becomes similar to that of N1 nozzle with the 

only difference being that the flame liftoff height of N2 nozzle is significantly lower than that of 

N1 nozzle at the same flow conditions (compare, e.g., Figs. 4.41 a,3 with 12 b,3). Figures 4.41 c1-

3 presents a different pattern for N4 nozzle than its counterparts, where a short and large lifted 

flame with a negligible change in the liftoff height is maintained when increasing the fuel flowrate.  



93 

 

 

 

(a, 1) N1, Qj = 3 LPM             (a, 2) N1, Qj = 8.3 LPM             (a, 3) N1, Qj = 11 LPM 

 

(b, 1) N2, Qj = 3 LPM             (b, 2) N2, Qj = 8.3 LPM             (b, 3) N2, Qj = 11 LPM 

 

(c, 1) N4, Qj = 3 LPM             (c, 2) N4, Qj = 8.3 LPM             (c, 3) N4, Qj = 11 LPM 

Figure 4.41    Mean-velocity vectors of the biogas flame of N1, N2 and N4 nozzles at fuel jet flow 

rates of Qj = 3, 8.3 and 11 LPM, and a co airflow Vc = 5.62 m/s. 
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The relationship between the flame liftoff height (which is the distance between the base of 

the recirculation zone and fuel nozzle) and nozzle geometry is a direct result of the effect of fuel 

jet momentum on the recirculation zone, which is necessary for the occurrence and stability of a 

lifted biogas flame. Discharging the fuel from multiple holes, which promotes faster decay of the 

centerline velocity, results in a stable recirculation zone located closer to the nozzle exit. What this 

Figure 4.41 reveals is that the recirculation zone of the single hole nozzle (N1 or N5), in comparison 

with the multi-hole nozzles (N2, N3 or N4), sits farther away from the burner where the flame 

becomes susceptible to blowout/quench. The recirculation zone of the N4 nozzle at which the flame 

becomes susceptible to quench is achieved at a much higher fuel flowrate than the rest of the nozzle 

geometries (see Fig. 4.38). This is why N4 nozzle has a much larger blowout limit than the rest of 

nozzle geometries, which is attributed to the faster decay of the fuel jet of the N4 nozzle which is 

promoted by splitting the total nozzle exit area (and hence momentum) into a central and peripheral 

holes. Indeed, this configuration accelerates the fuel jet decay, which as a result delays the flame 

upper blowout limit. The PIV results reveal that the flame upper limit is very much controlled by 

the strength/momentum of the nozzle central diameter as the smaller peripheral jets decay much 

faster and hence do not have a significant impact on the dynamics of the recirculation zone. Figure 

4.42 presents the velocity vectors and the corresponding flame of N4 nozzle at the same co-airflow 

exit velocity (of Fig. 4.41), but with a greater fuel flowrate of Qj = 15 LPM where no stable flame 

could be observed for the other tested nozzles. This figure, along with Fig. 4.41, reveals that 

although the change in the liftoff height (with fuel flowrate) of N4 nozzle flame is negligible 

compared with that of the other nozzles, there is still a small but yet a noticeable increase in the 

flame liftoff height when nearing the upper blowout conditions. This clearly suggests that the upper 

blowout mechanism is the same for all nozzle geometries.  
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Figure 4.42    Mean-velocity vectors of the biogas flame of N4 nozzle at a fuel jet flow rate of Qj = 

15 LPM and a co-airflow Vc = 5.62 m/s. 

 

Figure 4.43 presents the profiles of the centerline axial mean velocity (Vx) and its turbulence 

intensity Vrms,x of N2 nozzle (as an example) at the flow conditions of Fig. 4.41. Figures 4.43 a-b 

show that the N2 nozzle, which has a long and a narrow lifted flame at low fuel flowrate, is 

characterized by a centerline mean velocity, which decays slowly with a minimum turbulence. 

However, for the lifted flame of the N2 nozzle, there is a strong recirculation zone which results in 

a rapid centerline velocity decay accompanied by a turbulence that peaks at the base of the 

recirculation zone (see the profile corresponding to 8.3 LPM) where the jet centerline intersects 

with the horizontal axis. At flow conditions closer to the upper blowout limit, where the distance 

between the fuel nozzle and the recirculation zone becomes noticeably larger, the turbulence 

centerline profile peaks at two locations (see the profile corresponding to 11 LPM). The first peak 

occurs at the shear layer where the jet centerline mean velocity starts to noticeably decay, and the 

second peak occurs at the base of the recirculation zone. However, the mean velocity and 

turbulence profiles become insensitive to the changes in fuel flowrate farther downstream, which 

is an indication of the onset of the recirculation zone where the flow structures become mainly 

N4, Qj = 15 LPM 
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controlled by the swirl strength of the co-airflow. This figure demonstrates the importance of 

turbulence upstream of the recirculation zone, which is necessary for the preparation of a 

combustible mixture and consequently the stability of lifted flame.   

 

Figure 4.43    Centerline profile of the mean axial velocity (Vx) and Vrms,x of the biogas flame for  

N2 nozzle at Qj = 3, 8.3 and 11 LPM, and a co-airflow Vc = 5.62m/s. 

 

4.4.3.3 Discussion 

The present data shown in Fig. 4.38 reveal that the geometry of the fuel nozzle strongly 

influences the stability operating range of turbulent low-swirl biogas lifted flame. It is clear that 

the multi-hole nozzle significantly enhances the stability operating range. Lifted flame images of 

different nozzle geometries, as shown in Figs. 4.39-4.40, present the physical aspects such as liftoff 

height, length, and color of the flame. Clearly, N4 nozzle creates a short and large lifted flame that 

burns completely in blue color over a much wider range of flowrates with slight changes in its 

liftoff height compared with the rest of the other fuel nozzles. Flow characteristics of the lifted 

flame of the different nozzle geometries, shown in Figs. 4.41-4.43, reveal the influence of the 

momentum of the central fuel jet on the recirculation zone where a stable lifted flame takes place. 

(a) 

(b) 
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This is in line with published findings that favorable flow patterns, which are promoted by the 

decay of the axial velocity, can enhance the stabilization of a swirling flame by decreasing the 

flame liftoff height [28], [45], [105]. Details of the flow structure presented here reveal the stability 

mechanisms as well as the local extinction criteria that destabilize the entire lifted flame and hence 

its blowout/extinction. 

Figure 4.44 presents the streamlines of the instantaneous velocity vectors of the lifted biogas 

flame of N5 nozzle (a single hole nozzle) at flow conditions closer to the lower blowout limit (Qj 

= 5.66 LPM and Vc = 6.07 m/s). The zig-zag arrangement of the PVC (precessing vortex core) 

shown in this figure indicates the 3D helical structure of the PVC at the inner and outer shear layer 

[105]. The inner shear layer is where the interaction between the recirculation zone and co-airflow 

takes place and hence the lifted flame stabilizes, and the outer shear layer is where the interaction 

between co-airflow and the ambient air happens. It was reported that the stabilization of a swirling 

turbulent lifted flame was promoted by a strong internal recirculation zone (IRZ) along with the 

lower stagnation point (LSP) at the flame root [41], [48], [49]. IRZ was found to be fuel rich and 

consequently registered higher temperatures than in its surroundings [42], [66]. PVCs at the inner 

shear layer enhance the stability of the lifted flame by increasing the mixing rate, the flame roll-

up and entrainment of the air into the reactions zone [42]–[44], [47], [66], [79]–[81], while at the 

same time destabilizing the flame by cooling off the reaction zone via bringing in colder air [39]. 

This is why the interaction between the fuel jet and the recirculation zone is the most important 

mechanism of the stability of the non-premixed lifted flame. 
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Figure 4.44    Streamlines of the instantaneous velocity vectors of the biogas flame of N5  nozzle 

at flow conditions close to the lower blowout limit (Qj = 5.66 LPM and Vc = 6.07 m/s). 

 

Figure 4.45 presents the streamlines of the instantaneous velocity along with the contours of 

the instantaneous axial velocity of (as an example) N5 nozzle. Figures 4.45 a-c show the effect of 

increasing the fuel flowrate at a constant co-airflow velocity (Vc = 6.07 m/s), which leads to an 

increase in the distance between the recirculation zone and the fuel nozzle as well as the size and 

magnitude of the PVCs. These PVCs result in high strain rates in the inner shear layer and 

consequently trigger local flame extinction and hence its complete blowout [90], [91]. Figures 4.45 

c-d show that increasing the co-airflow velocity at a constant fuel jet flowrate (Qj = 10.84 LPM) 

reduces the distance between the fuel nozzle and recirculation zone and decreases the size of the 

PVCs which are responsible for stabilizing the lifted flame. However, the PVCs at the base of the 

recirculation zone, closer to the fuel nozzle exit, which occur at flow conditions approaching the 

lower blowout limit, increase the scalar dissipation rate and hence destabilize the base of the flame 

and consequently its complete blowout. In addition, an increase in the entrainment of fresh air 

without fuel at the LSP causes local extinction, since the opposed flow causes high rates of 
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compressive strain around the LSP. This, in turn, can cause transient local extinction and re-

ignition to take place when the mixture flows through the boundary of the recirculating burned 

gases [47]. Moreover, due to the fact that the lifted flame closer to the lower blowout limit sits 

closer to the nozzle exit, which is a high strain rate region, combined with low fuel flowrate, results 

in a weak equivalence ratio of the presumably partially premixed fuel-air mixture upstream of the 

fame base [42]. Therefore, the lifted flame with a low fuel to air ratio would not withstand the high 

strain rate and hence extinguishes [42]. This emphasizes the importance of the fuel flowrate (and 

hence scalar dissipation) and the mechanism of mixing (swirl strength which in turn depends on 

the co-airflow momentum) in determining the lower blowout limit [105].   
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.45    Contours of the instantaneous axial velocity and streamlines of the instantaneous 

velocity vectors of the biogas flame for N5 nozzle at (a) Qj = 5.66 LPM and Vc = 6.07 m/s, (b) Qj 

= 8.81 LPM and Vc = 6.07 m/s, (c) Qj = 10.84 LPM and Vc = 6.07 m/s, and (d) Qj = 10.84 LPM 

and Vc = 7.79 m/s. 

 

Figure 4.46 presents the streamlines of the mean-velocity vectors along with the contours of 

Vrms,x of the biogas lifted flame of N2 and N4 nozzles at Qj = 11 LPM and Vc = 5.62 m/s (the 

corresponding flame image of each field is provided at a smaller scale on the lower right hand side 

of each plot). The contours of Vrms,x reveal that the highest turbulence level occurs at the base of 

the recirculation zone and in the shear layer between the recirculation zone and the outer co-airflow 

(where the lifted flame stabilizes).  
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(a) N4 

 

(b) N2 

Figure 4.46    Streamlines of the mean-velocity vectors and contours of Vrms,x of the biogas flame 

of (a) N4 and (b) N2 nozzles at a fuel jet flow rate of Qj = 11 LPM and a co airflow Vc = 5.62 m/s. 

 

Figure 4.46 shows similarities of the turbulent flow structures between the two different 

nozzle geometries with some variation in the magnitude and position of the recirculation zone. 

This demonstrates that the governing stability mechanism of a lifted biogas flame is independent 

of the nozzle geometry. That is, the stability of the lifted flame relies on the stretch rate of the inner 

shear layer around the recirculation zone and also the source of ignition at the base of lifted flame 

which is located in the base of the recirculation zone [42], [43], [47]. The present findings reveal 

that the high turbulence intensity nature at the base of the recirculation zone (i.e., lifted flame) is 

a key factor in the lifted flame stabilization mechanism. Results show that turbulence inside the 

recirculation zone is mainly controlled by the co-airflow while the geometry of the nozzle 

influences the momentum of the central jet that controls the magnitude and position of the peaks 

of turbulence intensity. Figure 4.47 presents the mean velocity vectors and contours of Vrms,x of a 

typical biogas flame of (as an example) N5 nozzle at conditions closer to the lower (Vc = 6.07 m/s 
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and Qj = 5.66 LPM) and the upper (Vc = 6.07 m/s and Qj = 10.84 LPM) blowout limit. Figures 

4.47 a-b reveal that closer to the upper and lower stability limit, the changes in the peak values of 

Vrms,x at the base of the recirculation zone (flame) and inside the recirculation is negligible when 

the fuel flowrate changes significantly. Although different nozzle geometries result in different 

liftoff heights (i.e., the position of the recirculation zone as shown in Fig. 4.46) at the same 

flowrates, they have similar flow structures closer to their upper and lower blowout limits.  Results 

of N5 nozzle, shown in Fig. 4.47 as a typical lifted flame close to the upper and lower blowout 

limit, indicate that the high turbulent intensity at the base of a lifted flame at low fuel flowrates 

increases local scalar dissipation rate. This occurs as a direct result of an increase in heat 

dissipation and a reduction of heat generation. Destabilization of the base of the lifted flame could 

result in quenching of the entire flame [42], [43], [47]. Increasing the fuel flowrate will self-adjust 

the flame position and compensates for the heat dissipation rate until the upper blowout limit is 

reached, where high strain rate results in the blowout of the flame as discussed below.  

 

(a) 

 

(b) 

Figure 4.47    Mean velocity vectors and contours of Vrms,x of the biogas flame of N5 nozzle at a co-

airflow Vc = 6.07 m/s and jet flow conditions (a) close to the lower blowout limit (Qj = 5.66 LPM), 

and (b) close to the upper blowout limit (Qj = 10.84 LPM). 
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Figure 4.48 shows the instantaneous velocity vectors and their corresponding seeding 

particles’ distribution (Mie Scattering) of typical biogas flame of (as an example) N2 nozzle at Vc 

= 6.07 m/s. Figs. 4.48 a-b correspond to flow conditions closer to the lower blowout limit (Qj = 

5.66 LPM) and Figs. 4.48 c-d closer to the upper blowout limit (Qj = 13.81 LPM). The sudden 

variation in the seeding particles’ concentration is an indication of the edge of the flame (i.e., hot 

zone). Closer to the upper blowout limit shown in Figs. 4.48 c-d, high strain rates are induced by 

the PVCs in the shear layer of the recirculation zone and the outer co-airflow, which is the main 

cause of local flame extinction (circled zone) and hence its complete blowout. As it is shown in 

Figs. 4.48a-b, the strain rates (or stretch) are relatively weaker at flow conditions pertaining to the 

lower blowout limit. The trend of the enlargement of the PVCs close to the upper blowout limit is 

shown in Figs. 4.45 a-c for the single hole nozzle (N5, as an example). 
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(a)                                         (b) 

 

(c)                                         (d) 

Figure 4.48    Instantaneous velocity vectors (a,c) and solid seeding particles distribution (b,d) of 

the biogas flame of N2 nozzle at conditions close to the lower (a,b with Qj = 5.66 LPM and Vc = 

6.07 m/s) and upper (c,d with Qj = 13.81 LPM and Vc = 6.07 m/s) blowout limit. 

 

 Figure 4.49 presents the streamlines of the three instantaneous velocity vectors of N4 nozzle 

biogas flame at two different fuel flow rates. The corresponding flame image of each fuel flowrate 

is provided with a smaller scale on the lower right hand side of the plot. Figures 4.49 a1-3 reveal 

that the flow structures are more stable at flow conditions where the lifted flame is stable (i.e., flow 

conditions of Figs. 4.41 c1-3 and Fig. 4.42), whereas they are less stable closer to the upper 

blowout limit (i.e., jet flow velocity slightly greater than that of Fig. 4.42) as shown in Figs. 4.49 

b1-3. The results in this figure indicate that local flame extinction, shown in Fig. 4.48 c-d, which 

occurs at higher fuel flowrate, leads to frequent extinction and reignition and consequently results 
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in an unbalance in the symmetry (Fig. 4.49 b1-3) of the flame and thus destabilize the entire lifted 

flame.  

 

(a, 1)                                 (a, 2)                                 (a, 3) 

 

(b, 1)                                 (b, 2)                                 (b, 3) 

Figure 4.49    Streamlines of the instantaneous velocity vectors of the biogas flame of N4 nozzle at 

(a) Qj = 8.3 LPM and Vc = 5.62 m/s, and (b) Qj = 15 LPM and Vc = 5.62 m/s. 

 

4.4.3.4 Correlation 

The dominant mechanism of the upper blowout limit of the low-swirl turbulent biogas flame, 

as shown in Figs. 4.45 and 4.49, is the 3D shear layer [77], [105].  As shown above, the non-

premixed biogas flame upper blowout limit of the multi-hole nozzles appears to follow similar 

trend as that of the other two single-hole nozzles (i.e., the 3.15 mm (N5) and 4.45 mm (N6) for 

which a semi-empirical correlation was proposed in section 4.3 above [105]. This correlation is 

modified in order to take into account the variety of nozzle geometries examined here. Therefore, 

Qj = 8.3 

LPM 

Qj = 15 

LPM 
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the experimental data of the upper blowout limit of N1 to N4 nozzles presented in Fig. 4.38, along 

with the previous data of 3.15mm (N5) and 4.45 mm nozzle (N6)  [105], were found to follow a 

similar form of expression to that proposed in [105]. The newly proposed form, which is displayed 

in Fig. 4.50a, can be expressed as 

 

(𝑉𝑗,𝑒𝑓𝑓) 𝐷𝑗,𝑒𝑓𝑓
1/2

⁄ = 0.7712 × 𝑉𝑑𝑖𝑓𝑓 + 0.7163        (4.9) 

The determination coefficient of this equation is 𝑅2 = 0.9816. The characteristic velocity of 

the flow shear layer (Vdiff) is defined here as [105] 

𝑉𝑑𝑖𝑓𝑓 = [(𝑉𝑗,𝑒𝑓𝑓 − 𝑉𝐶)
2

+ 𝜃2]

1

2
             (4.10) 

where Vj,eff is the average exit velocity of the fuel, Vc is the average velocity of the co-airflow 

and ϴ denotes the characteristic magnitude of the angular velocity at the exit of the annular co-

airflow, which is defined as ϴ = SVc [39] where S is the swirl strength estimated as S = 

(2/3)tan() [107]. In Eq. (4.9), Dj,eff  is expressed as  

𝐷𝑗,𝑒𝑓𝑓 = √(𝐷𝑐)2 +
𝐷𝑝

𝐷𝑒
× 𝑛𝑝 × cos(𝛽) (𝐷𝑝)

2
           (4.11) 

that is unchanged for the single hole nozzles (i.e., Dj,eff = 3.75, 3.15, and 4.45 mm for N1, N5, 

and N6, respectively); and Dj,eff  = 3.21, 3.18, and 2.53 mm for, respectively, N2, N3 and N4 were 

used. This is because the centerline velocity decay of the different nozzle geometries, shown in 

Figs. 4.35 and 4.37, indicate that smaller peripheral jets result in much faster velocity decay than 

the relatively larger centerline jet which has a dominant effect on the recirculation zone. However, 
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N2, N3 and N4 nozzles have several peripheral holes and thus their jet decay does not appear to be 

predominantly controlled by the central jet but rather with a certain contribution from the 

peripheral jets, and that is why their effective diameters (Dj,eff)are slightly greater than the diameter 

of their central holes. However, Vj,eff , which is the jet effective exit velocity, is based on the total 

fuel flowrate divided by the total area of the slots (i.e., the total area of the multi-hole nozzles is 

the sum of the orifice exit area of the central hole and that of the small peripheral slots). It can be 

seen in Figs. 4.35 and 4.37 that the effect of nozzle geometry on the magnitude of the exit velocity 

at the same fuel flowrate is negligible since the fuel passes through several holes with the same 

combined area, which consequently results in almost constant exit velocity independently of the 

nozzle geometry. Note that β is the exit angle of the peripheral holes.  

  

 

(a) 

 

(b) 

Figure 4.50    Biogas flame correlation for the (a) upper blowout and (b) lower blowout limit. 

Data of all nozzles (N1 to N6) are included.  
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The lower blowout was found to be controlled by the level of strain rate which becomes high 

near the nozzle exit. Its occurrence is also partially due to fact that the fuel to air ratio is weak at 

low fuel flowrates. As discussed above, the non-premixed biogas flame blowout lower limit of the 

multi-hole nozzles appears to follow similar trend as that of the other two single-hole nozzles (i.e., 

the 3.15 mm (N5) and 4.45 mm (N6)  [105]). Therefore, the correlation proposed in Section 3.4 

above [105] is then modified in order to take into account the variation in the nozzle geometry. 

The experimental data of the lower blowout limit of the N1 to N4 nozzles in Fig. 4.38 along with 

the previous results of 3.15mm (N5) and 4.45mm nozzles (N6) were found to collapse onto a single 

line, as shown in Fig. 4.50b, which can be expressed as 

 

𝑄𝑗 = 0.8395 × [𝐷𝑗,𝑒𝑓𝑓 × (𝜃 − 𝜃𝑐𝑟)]3/2 + 6.4261                   (4.12) 

Where Dj,eff, Qj, and ϴ are already defined above and ϴcr is the minimum characteristic 

angular velocity for the onset of the recirculation zone. The determination coefficient of this 

equation is 𝑅2 = 0.9635.  The linear relation (Eq. (3)) was obtained by applying the least square 

curve fitting to the experimental data of Fig. 4.38.  In Eq. (3), ϴcr = 2.39 m/s, which is observed at 

Vc = 7.7 m/s, is the minimum characteristic angular velocity for the onset of the recirculation zone 

for N2 to N4 nozzles, ϴcr = 2.1 m/s (Vc = 6.7 m/s) for N1 nozzle and ϴcr = 1.88 m/s (Vc = 6.07 m/s) 

for N5 (3.15 mm) and 4.45 mm nozzles (N6). 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

5.1 Effect of swirl strength on the stability limits of biogas flame 

The present experimental study proved that the operating flow conditions of biogas flame can 

be extended by altering the burner geometry. This is achieved by generating a recirculation zone 

downstream of the burner, which is accomplished using a swirl generator. The swirl strength was 

changed using different swirl vanes angles. The experimental results revealed the following: 

1) The swirl was found to significantly enhance the biogas flame stability operating range. 

The low swirl produced a stable lifted flame over a significant velocity range of the biogas fuel jet 

and co-airflow conditions. However, the high swirl generated a stable attached flame over a wider 

range of flow conditions than those corresponding to the low swirl. This difference is attributed to 

the effect of the swirl strength on the flow structure (e.g., magnitude of the centerline velocity and 

the distance between the burner and recirculation zone). 

2) The PIV results showed that the recirculation zone sits at a noticeable distance above the 

burner for low swirl, whereas it is much closer to the burner at high swirl. This is why the low 

swirl has a lifted flame, while the high swirl has an attached flame. 

3) The PIV results also revealed that a very low centerline mean velocity zone downstream 

of the nozzle is a key for the stability of the burning of biogas fuel (lifted flame at low swirl and 

attached flame at high swirl), which is characterized by a low flame speed. 

4) For the low swirl, two distinct upper and lower blowout limits were identified for which 

flame extinction mechanisms were found to be completely different.  

5) For the high swirl, the mechanism governing the extinction of the attached flame (blowoff) 

was found to depend on both the jet fuel rate and strength of the swirling co-airflow. In other 
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words, the biogas flame blowoff is either caused by a higher strain rate at high fuel flow rate 

or by an increased heat loss/dissipation at high co-airflow rate. Empirical correlations were 

proposed to describe these blowoff limits.  

5.2  Effect of nozzle geometry on the stability limits of low swirl biogas flame 

The present study showed that an enhancement of the stability of the turbulent non-premixed 

biogas (60% CH4-40% CO2) flame can be achieved by altering the geometry of fuel nozzle. 

5.2.1 Effect of nozzle diameter 

The stability of turbulent non-premixed low swirl biogas flame under a wide range of flow 

and burner geometry conditions is examined in this study. In particular, the effect of changing the 

fuel nozzle diameter was studied. The experimental results revealed the following: 

1) The results revealed that only a thin and long attached flame was observed at weak co-

airflow (Vc ≤ 3.77 m/s and 2.52 m/s for, respectively, the 4.45 mm and 3.15 mm fuel nozzle) 

independently of the swirl strength (zero or low). However, the swirl regains strength as the co-

airflow exit velocity becomes higher than 3.77 m/s and 2.52 m/s for, respectively, the 4.45 mm 

and 3.15 mm fuel nozzle. Increasing the co-airflow exit velocity beyond this velocity results in no 

flame for the zero-swirl; however, an attached flame continues to exist for the low-swirl until Vc 

~ 6.07 m/s and 5.29 m/s for, respectively, the 4.45 mm and 3.15 mm fuel nozzle. Beyond this 

velocity, a stable lifted flame sits within a significantly wide zone where it depends on the exit 

velocity of both the fuel jet and co-airflow. Outside of this region, the lifted flame blows out. This 

allowed the development of a well-defined region within which a stable lifted biogas flame can 

operate safely. The color of the biogas flame within this lifted region (with excess air) is blue 
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without any yellow color (i.e., absence of soot and particulates) is the result of high level of 

turbulence and mixing rate. 

2) For both nozzle diameters, the flame blowoff limit, which occurs at low co-airflow 

velocity, is found to be a function of the fuel jet exit velocity. More importantly, the stability map 

of the low swirl lifted biogas flame of the smaller nozzle starts and ends slightly at lower co-airflow 

velocity compared to the larger nozzle.  

3) The smaller nozzle has a larger stability zone of the lifted biogas swirling flame based on 

the velocity of the fuel jet, whereas the larger nozzle has a wider stability zone based on the fuel 

flow rate.  

4) Reynolds number of the fuel jet was found to be an important parameter in determining the 

minimum and maximum velocity of the jet for which a stable lifted flame could be observed. 

5) PIV measurement revealed that the occurrence of a lifted stable flame depends on the 

strength of the swirl, which in turns depends on the fuel jet flow rate. It was shown that lifted stable 

biogas flame occurs only when a flow recirculation zone is present in the core of the flow. 

Moreover, the blowout limits of the biogas lifted stable flame depend on the location of the 

recirculation zone with respect to the burner exit.  

6) Semi-empirical correlations were proposed to predict the lifted biogas flame upper (rich) 

and lower (lean) blowout limits. However, these correlations are valid only for the conditions 

explored in the present study; that is, a limited range of fuel nozzle diameter and a single fuel 

composition. 
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5.2.2 Effect of multi-hole nozzle geometry 

In this present study, three distinct types of flames were observed in the stability map which 

depend on both the swirling co-airflow strength and nozzle geometry. The main conclusions are 

summarized as follows. 

1) The attached flame blowoff limit increases with faster decay of the fuel jet, which is 

achieved with multi-hole nozzle. This is attributed to improved mixing promoted by the weakening 

of the shear layer between the fuel jet and co-airflow. Hence, the blowoff of the attached flame is 

controlled by the shear layer.        

2) Flame transition from attached to lifted depends on the nozzle geometry – that is the decay 

level. The multi-hole nozzle jets, which decay faster, precipitates the occurrence of recirculation 

zone and hence flame transition from attached to lifted. That is, the co-airflow velocity at which 

the switch from attached to lifted flame depends strongly on the fuels jets decay.   

3) The fuel nozzle that promotes the fastest velocity decay provides the best scenario for better 

biogas combustion. This is because the flame lifts off the burner at very low co-airflow velocities 

paving the way for an improved mixing prior to burning and hence a more efficient combustion. 

This is evidenced by the completely blue color of a lifted flame as opposed to an attached flame 

which burns in blue color only near the burner and mostly yellow downstream indicating the level 

of pollution. 

4) The fuel nozzle geometry greatly affects the flow range within which a lifted stable biogas 

flame operates; that is, the nozzle geometry that promotes faster jet decay results in a significantly 

extended biogas flame stability limits. This is because the liftoff height depends strongly on the 
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fuel jet velocity decay; that is, the lower the distance between the flame base and the burner exit, 

the less sensitive the lifted flame to external perturbances.  

5) The similarities of flow field structure, flame shape and liftoff height between the different 

fuel nozzle geometries at conditions pertaining to the upper and also the lower stability limits is 

an indication of the two distinct quenching mechanisms for upper and lower limits, and thus their 

lesser dependence on the fuel nozzle geometry.  

6) The high turbulent intensity at the base of the recirculation zone, which is responsible for 

heat loss (increasing scalar dissipation rate), combined with low heat production due to low fuel 

flowrate close to lower blowout limit are the controlling mechanisms (local flame extinction) of 

flame lower blowout limit. 

7) At the upper blowout limit, the recirculation zone sits farther away from the nozzle due to 

increased fuel jet momentum, which induces high strain rate at the inner shear layer around the 

recirculation zone. This results in frequent local flame extinction and re-ignition and consequently 

total blowout of the entire flame.  

8) Finally, the obtained experimental data were used to extend the capability of the semi-

empirical correlations developed earlier for predicting the stable lifted flame stability limits.  

 

Finally, the method used to determine the swirl strength is found to affect only the constants 

of the blowout limits correlations where their trends remain unchanged (see Appendix A.5). Both 

the geometrical method adopted in the present work and that of a parabolic velocity profile 

produced nearly similar results, whereas the top-hat velocity profile caused a significantly different 

coefficients. However, the difference becomes insignificant when accounting for the decay of the 

swirl strength (see Appendix A.5).  
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5.3 Recommendations for future work 

There are only limited number of factors that have been investigated in the present thesis; 

thus, additional experimental research is required in order to improve further the stability limits 

and expand the applicability of the proposed semi-correlations. The following suggestions are 

proposed. 

1)  A comprehensive study on the geometry parameters of the multi-hole nozzle with more 

focus on the number of lateral holes, angles and diameters of holes will provide more information 

about the physical aspects of the blowout mechanisms.  

2) A comprehensive study on the effect of fuel composition on the stability parameters of 

turbulent swirling biogas flame will be needed to generalize the aforementioned conclusions 

including the blowout correlations.  

3) According to the literature, adding a small percentage of hydrogen significantly enhances 

the stability limits of low calorific value fuels. Thus, coupling the addition of hydrogen with the 

burner geometry explored in this thesis will provide further knowledge on the stability of biogas 

combustion. According to literature, divergence of the co-airflow at the burner exit intensifies the 

size and magnitude of the recirculation zone [39], [40]. Therefore, adding a collar with an angle to 

diverge the co-airflow will help to further investigate the effect burner geometry on the stability 

of biogas flame. 

4) It would also be interesting to perform a comparative study between the different 

combustion modes (i.e., non-premixed, partially premixed and premixed flame) on the stability of 

biogas swirling flame.   
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APPENDIX A 

PRINCIPLE OF PIV AND ERROR ESTIMATION ANALYSIS 

A.1    An overview of the principle of PIV 

Particle image velocimetry (PIV) is a non-intrusive flow velocity measurement technique. This 

technique requires seeding the fluid flow with small tracer particles which are illuminated by a laser 

light source. The laser light is double pulsed and the adjustment of the time delay between the two 

pulses depends on the flow speed. The PIV light source is a frequency doubled neodymium-yttrium-

aluminum-garnet (Nd:YAG) capable of generating monochromatic laser light with high-intensity 

illumination. The fluid flow tracer particles must be sufficiently small in order to successfully follow 

the flow but not too small in order to provide enough scattered light. In addition to the size requirements 

of particles, their material should be inert and resistant to high temperature in order to avoid 

interference with the combustion reaction zone. Solid particles such as TiO2 with high melting point 

and light scattering properties are common for PIV measurements in reacting flows[103]. 

Furthermore, TiO2 particles are capable of tracing high frequency turbulent airflows (~1-10 KHz) 

[103]. However, the tracer particles must be seeded and distributed evenly in a fluid flow [108]. The 

double pulsed laser light scattered by the seeding particles are recorded on two separate images (with 

a time delay between images). The displacement of the seeding particles and the time delay between a 

pair of images are used to calculate the flow velocity. In order to obtain the local displacement vector 

of the seeding particles, each image is divided into grid cells called interrogation areas and for each 

interrogation area an adaptive correlation algorithm (i.e., advanced cross-correlation) is used to 

determine the average particle displacement. However, the seeding density of each interrogation area 

varies. Nonetheless, valid PIV measurements require that each interrogation area should contain 

between 10 and 25 particles [103][109].  
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Stokes’ equation characterizes the “tracing quality” of seeding particles which indicates how 

successfully particles follow the fluid flow. This is quantified in terms of particles settling 

velocity”, 𝑣𝑠, and “response time”, 𝑡𝑟, as [110], 

𝑣𝑠 =
(𝜌𝑝 − 𝜌𝑎𝑖𝑟)𝑔𝑑𝑝

2

18𝜇𝑎𝑖𝑟
        (𝐴. 1.1) 

𝑡𝑟 = 𝜌𝑝

𝑑𝑝
2

18𝜇𝑎𝑖𝑟
        (𝐴. 1.2) 

The  settling velocity of TiO2 particles (property obtained from [103]) is estimated to be 1.11 

× 10-4 m/s which is by far smaller than the range of axial mean velocity presented in Chapter 4 

indicating that the settling velocity of TiO2 particles is appropriate for the present thesis. In 

addition, the response time of the TiO2 particles estimated to be 1.13 × 10-5 s is much smaller than 

the sampling times used in this study (~ 200 s), and hence confirming that TiO2 particles are 

capable of tracing the flow’s instantaneous motion examined in the present study [36][103].  

A typical PIV set-up, schematically shown in Fig. A.1, consists of a camera (FlowSense EO 

4M used here), a double pulsed laser sheet (generated by ND: YAG laser), and a timer box needed 

to externally synchronize and trigger the laser and camera via a computer software (Dantec 

Dynamics Studio 4.1 used here). This software is used to perform post-processing of PIV images.  
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Figure A.1  A schematic diagram of a typical PIV arrangement 

A multi-step Fast Fourier Transform (FFT) cross-correlation (i.e., Adaptive correlation 

technique) is used to estimate the average particles movement in each interrogation area ([101]). 

The FFT calculation speed is much faster than direct implementation by transforming the spatial 

domain (i.e., interrogation area) to the frequency domain and back again. However, due to some 

assumptions made in the transformation, such as cyclic pattern of particles, some errors are 

introduced as represented by small noise-peaks in the frequency domain. Windows functions, such 

as Gaussian window, operate in the spatial domain and filter functions, such as Gaussian low pass 

filter, operate in the frequency domain to reduce these errors/noises. 
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The Gaussian window function is a preprocessing of the interrogation area using a weight 

factor to the grayscale value of a particle image that gradually reduces the grayscale from the center 

of the interrogation area to its edge. However, changing a setting parameter k (K=0.75 default 

value) of the Gaussian window function could compromise the signal strength (promote cyclic 

noise).  

The Gaussian low pass filter damps the high frequency components in the frequency domain 

(created as a result of small particle size) to reduce the pixel locking error. The small particle size 

limits the particle displacement to the size of pixels and the use of this filter could reduce this 

effect by broadening the peaks of the frequency domain. Similar to window functions, changing a 

setting parameter k (K=3 default value) of the Gaussian low pass filter could compromise the 

signal strength and promotes the pixel locking error ([101]).  

Beside the window and filter functions, validation is also used for auto correlation in order to 

fine-tune the processing and, when needed, to remove spurious vectors. Using a peak validation 

that eliminates the invalid vectors (i.e., substituted with zero) without local neighborhood 

validation could be far from the real value (i.e., not zero). The local neighboring vectors give a 

realistic estimate of what the spurious vector should have without its complete elimination. A 

moving-average validation technique using interpolation and extrapolation of local neighborhood 

is employed to substitute the interpolation of wrong vectors ([101]). 

 

A.2    Estimation of error in PIV measurements and uncertainty analysis 

In this section, a summary of measurements errors associated with PIV technique and the 

measurement uncertainty analysis are presented. 
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 The uncertainty Ev of a measured dependent variable V(X1, X2,…, Xi,…, Xn) of a given 

measurement system of independent variables Xi is defined according to Coleman and Steele [111] 

as 

𝐸𝑣
2 = 𝐵𝑣

2 + 𝑃𝑣
2          (𝐴. 2.1) 

where Bv and Pv stand of the bias and precision error, respectively. These errors of the 

dependent variable V arise due to the uncertainties in the determination of the independent variable 

(Xi ). The bias error, Bv , can be determined as follows [111]: 

𝐵𝑣 = ∑ 𝛼𝑋𝑖

2 𝐵𝑋𝑖

2           (𝐴. 2.2) 

where 𝛼𝑋𝑖
 is the sensitivity coefficient and is defined as 𝛼𝑋𝑖

= 𝜕𝑉 𝜕𝑥𝑖⁄  

The estimation of the bias error, Bv, involved in the measurement of the instantaneous 

streamwise velocity component (Vx) in each interrogation area is provided here as an example. Vx 

is obtained by the following equation 

𝑉𝑥 =
∆𝑆

𝑀∆𝑡
          (𝐴. 2.3) 

where ∆𝑆 is the streamwise particles displacement in the interrogation area obtained 

statistically, M is the image magnification factor and ∆𝑡 is the time interval between the two laser 

pulses. The sensitivity coefficients (𝛼𝑋𝑖
) is defined as follows: 

𝛼∆𝑆 =
𝜕𝑉

𝜕∆𝑆
=

1

𝑀∆𝑡
    , 𝛼𝑀 =

𝜕𝑉

𝜕𝑀
= −

∆𝑆

𝑀2∆𝑡
    , 𝑎𝑛𝑑 𝛼∆𝑡 =

𝜕𝑉

𝜕∆𝑡
= −

∆𝑆

𝑀∆𝑡2
           (𝐴. 2.4)   

The precision error of a measurement system is determined using the method outlined by 

Rabinowicz [112] [113] and Holman [114]; which given by 
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𝑃𝑣 =
𝑡𝜎

√𝑁
          (𝐴. 2.5) 

where 𝜎 is the standard deviation of V of a sample N number of a data set (i.e., 𝜎 = √∑ (𝑉𝑖−�̅�)2𝑁
1

𝑁
), 

average value �̅� =  
∑ 𝑉𝑖

𝑁
1

𝑁
 and t is equal to 2 for a 95 % confidence level. 

 

The uncertainties in the measurement of the mean velocity and turbulence intensity of the 

present study are estimated to be ±4.5 % and ±7.5 %, respectively [115]. The high relative 

uncertainties are due to the bias error of the lowest scale of the flowmeter (i.e., 5). However, the 

relative precision error could not be estimated at the base of the recirculation zone where the mean 

velocity approach to zero.  

 As example, details of the biased and precision error (i.e., Bv and Pv) analysis for the 

streamwise instantaneous velocity component, Vx , at typical location (x/De = 4, on the centerline 

of the low swirl turbulent biogas flame of the single hole nozzle N1) are provided below. The 

biased uncertainties of ∆𝑆, ∆𝑡 and M (respectively, 𝐵∆𝑆 , 𝐵∆𝑡 and 𝐵𝑀) and also the properties 

obtained from the manufacturer’s specifications catalogue are given in Table A.1.  

Table A.1 Bias error of the axial mean-velocity, Vx on the centerline of the low swirl turbulent 

biogas flame of the single hole nozzle N1 at x/De = 4.0 (Vx = 10.13 m/s) (Vjet, max ~ 21 m/s, Vc ~ 7.7 

m/s). 

Variable (Xi) Magnitude 𝛼𝑋𝑖
 𝐵𝑋𝑖

 (𝛼𝑋𝑖
𝐵𝑋𝑖

)
2

 

∆𝑆 (pix) 3.00E+00 4.88E+00 1.27E-02 3.85E-03 

∆𝑡 (s) 8.00E-06 -1.83E+06 1.00E-07 3.35E-02 

M (pix/m) 2.56E+04 -5.72E-04 2.00E-01 1.31E-08 

Bv = 3.74E-02 and, therefore, the biased error (Bv/Vx) is equal to 3.69E-01 %. 

  

The precision error of the axial mean-velocity, Vx, estimated by dividing the 2000 captured 

instantaneous pair images into 5 sets of 400 pair images in order to obtain 5 different values of Vx 
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for each grid location. The average value of Vx and its standard deviation in the centerline (i.e., r 

= 0) and x/De = 4.0 are estimated to be 10.13 m/s and 3.58 %, respectively. Using 𝑃𝑣 = 𝑡𝜎 √𝑁⁄  

results in a precision error of about Pv = 3.2 %. Therefore, the total error and uncertainties of the 

axial mean-velocity (Vx) is 𝐸𝑣 = √𝐵𝑣
2 + 𝑃𝑣

2= 3.2 %. 

Figure A.2 shows the lateral profile of the five sets (each with 400 pairs of images) of the 

mean axial velocity, Vx, of low swirl biogas lifted flame at x/D =1 above the nozzle. Fig. A.2 

clearly shows no difference in Vx between the five sets (Vx is averaged from 400 pair of images).   

 

Figure A.2  Lateral profile of 5 sets of average Vx of 400 instantaneous data for nozzle N1 at 

X/D=1. 
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A.3    Estimation of the uncertainties in the measurement of the flame length and liftoff height 

The bias error of the flame length and lift-off height is mainly due to uncertainties in the 

camera’s resolution and calibration which is difficult to determine; and thus only the precision 

error is estimated [99]. The flame images are taken with an exposure time of 1 s in order to 

determine the average length and lift-off height. The grayscale threshold factor of the flame images 

determines the edge of the flame.  

In the present study, the uncertainties in the measurements of Lift-off height and flame length are 

estimated to be 12% and ±1.5%, respectively. The relative uncertainty of the lift-off height might 

be higher due to the small lift-off height in some cases of low swirl lifted flame (e.g., Hl =8 mm). 

For instance, the corresponding precision error based on the same procedure explained in the 

previous section for the flame length and liftoff height, 𝑃𝐻𝑙
and 𝑃𝐿, respectively, is estimated for 5 

grayscale threshold factor of images of a lifted flame of N5 nozzle as 

𝑃𝑣 =
𝑡𝜎

√𝑁
=

2 × 1.03

√5
= 0.92 𝑚𝑚           (𝐴. 3.1) 

As shown in Fig. A.3, for Vj= 14.4 m/s, the flame lift-off height Hl = 7.7 mm, and flame length 

L = 99.7 mm, thus the precision error of the flame lift-off height and flame length is 𝑃𝐻𝑙
=

0.92

7.7
=

11.9% and  𝑃𝐿 =
0.92

99.7
= 0.9%, respectively. 
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Figure A.3 flame length and liftoff height profile versus fuel jet velocity for the N5 nozzle (Vc 

~ 6.07 m/s); the uncertainty analysis. 

 

A.4    Estimation of the uncertainties in the measurement of the stability limits 

The air flowmeters are calibrated in house using venturi meters. PIV is also used to cross 

check the accuracy of the flowmeters.  In the present study, the uncertainties in the blowout and 

lift-off velocities are estimated to be in the range ±7.5 %. As an example, the analysis of this error 

is presented below for the case of a single hole nozzle (N1). The highest uncertainty that can be 

observed in the blowout velocity profile, shown in Fig. A.4, occurs with a blowout velocity 

corresponding to Vc ~ 5.5. The flowmeter’s bias error at a Vj = 21.7 m/s is about 2.5%. The 

precision error in the blowout velocity, 𝑃𝑉𝑙
, corresponding to this velocity is estimated for 5 

readings from the flowmeter at the blowout velocity corresponding to Vc ~ 5.5 m/s. The standard 

deviation of five reading was estimated to be ±5.7 % of the average value of the fuel jet velocity 

(Vj = 21.7 m/s). This t is estimated to be equal to 2 for a 95% confidence level [163]. According 

to Eqn. (5), this results in a precision error of about 𝑃𝑉𝑙
= 5.1 % and hence a total error in the 

blowout axial mean-velocity (i.e., Eqn. (1)) of 𝐸𝑉𝑙
= √𝐵𝑉𝑙

2 + 𝑃𝑉𝑙

2 = 5.7 %. 
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Figure A.4 Blowout velocity profile versus co-airflow velocity of N5 nozzle; the uncertainty 

analysis. 

 

A.5    Estimation of the uncertainties in the swirl strength determination 

Swirl strength of radial-type swirl generator is defined as [100] 

𝑆 = 𝜎
�̇�2

4𝜋2𝜌𝐻𝑣𝑅𝑜 ∫ 𝜌𝑉2𝑟𝑑𝑟
𝑅𝑜

𝑅𝑖

          (𝐴. 5.1) 

where 

𝜎 =
1

1 − 𝜓
(

tan 𝛼

1 + tan 𝛼 tan(𝜋 𝑛𝑣⁄ )
)          (𝐴. 5.2) 

and 

𝜓 =
𝑛𝑣𝑡𝑣

2𝜋𝑅𝑣 cos 𝛼
          (𝐴. 5.3) 
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�̇� is the air mass flow rate, Ri and Ro are the inner and outer diameter of the co-airflow 

annulus, respectively, and α, tv, Hv, nv, Rv are the angle, thickness, height, number, and exit radius 

of the vanes, respectively (see in Fig. A.5.1 below and also in Table A.5.1). In the above equation, 

σ is the ratio of the mean tangential and radial velocity components at the swirl exit, and ψ is the 

blockage factor due to the thickness of the vanes. The magnitude of the average velocity does not 

influence the swirl strength unless the profile of the exit velocity changes (i.e., transition from 

parabolic to top-hat) [116].  

 

 

(a) (b) 

Figure A.5.1 Schematic diagram of (a) the cross sectional view of the burner’s upper part, and 

(b) the top view of swirl.  

Table A.5.1 Dimensions of the swirl generator and burner 

Ri (mm) Ro (mm) tv (mm) Hv (mm) nv Rv (mm) α (º) ψ σ 

6 18.1 0.76 10.8 40 35.1 
25 0.152 0.53 

50 0.214 1.387 

 

Assuming a uniform exit velocity profile (i.e., top-hat), Eq (A.5.1) becomes [116] 

Ro 

Ri 

Hv 
Rv 

Swirl 

Nozzle 

𝛼 
Rv 

tv 
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𝑆 =
𝜎𝑅𝑜

2𝐻𝑣
[1 − (

𝑅𝑖

𝑅𝑜
)

2

]          (𝐴. 5.4) 

For the present swirl generator and burner geometry (see Table A.5.1), Eq (A.5.4) results in 

 𝑆~ 0.745 × 𝜎. When assuming parabolic velocity profile, Eq (A.5.1) becomes 𝑆 ~ 0.61 × 𝜎  

(based on the data in Table A.5.1).  

A comparison between the swirl strength of different assumptions of two swirl vane angles is 

provided in Table A.5.2 below. 

Table A.5.2 Swirl strength 

 σ S = 2/3 tan (α) S, Parabolic (0.61 σ) S, Top-hat (0.745σ) 

α = 25º 0.53 0.31 0.32 0.39 

α = 50º 1.387 0.79 0.84 1.0 

 

Widmann et al. [116] demonstrated that the swirl strength decays along the tube between the 

swirl and the exit of the burner (e.g., S = 0.54 becomes S = 0.49 at 16 cm farther downstream of 

the swirl generator [116]). Consequently, the decay of the swirl strength yields a swirl number 

nearly identical amongst the 3 methods (that is, assuming either parabolic or top hat velocity profile 

at the annulus exit yields a closer value to that of  S=2/3 tan(α)). Therefore, the blowout 

correlations reported in Chapter 4 are not affected.  

However, without taking into consideration the decay of swirl number, the trend of the 

blowout correlations provided in Chapter 4 is still unaffected, whereas their coefficients can 

change depending on the method used. These coefficients are provided in the following:  

Equation (4.1) with α = 50º: 
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Table A.5.3   𝑄𝑗 = 𝑎 ×  𝜃 + 𝑏 

 S = 2/3 tan (α) Parabolic Uniform 

a 4.2891 4.0338 3.3884 

b 2.6021 2.6021 2.6021 

R2 0.9785 0.9785 0.9785 

 

Equation (4.3) with α = 50º: 

Table A.5.4   𝑄𝑗(𝜃 − 𝜃𝑐𝑟) = 𝑎 × 𝜃 + 𝑏 

 S = 2/3 tan (α) Parabolic Uniform 

a -17.61 -17.61 -17.61 

b 167.02 177.6 211.42 

R2 0.9965 0.9965 .9965 

 

Equation (4.4) with α = 50º: 

Table A.5.5   𝑄𝑗
(𝜃−𝜃𝑐𝑟)

𝜃
= 𝑎 × ln 𝜃  + 𝑏 

 S = 2/3 tan (α) Parabolic Uniform 

a -34.104 -34.104 -34.104 

b 72.308 74.401 80.347 

R2 0.9943 0.9943 0.9943 

 

Equation (4.5) with α = 50º: 

Table A.5.6   𝑄𝑗 = 𝑎 ×  𝜃 + 𝑏 

 S = 2/3 tan (α) Parabolic Uniform 

a 0.5739 0.5397 0.4534 

b -2.1262 -2.1262 -2.1262 

R2 0.989 0.989 0.989 

 



136 

 

 

Equation (4.7) with α = 25º: 

Table A.5.7   
𝑉𝑗

𝐷1/2 = 𝑎 × 𝑉𝑑𝑖𝑓𝑓 + 𝑏 

 S = 2/3 tan (α) Parabolic Uniform 

a 0.7496 0.7496 0.7497 

b 0.3273 0.3182 0.2485 

R2 0.9944 0.9945 0.995 

 

Equation (4.8) with α = 25º: 

Table A.5.8   𝑄𝑗 = 𝑎 ×  𝐷(𝜃 − 𝜃𝑐𝑟) + 𝑏 

 S = 2/3 tan (α) Parabolic Uniform 

a 1.9228 1.8285 1.3626 

b 5.6403 5.6248 5.6403 

R2 0.9823 0.9824 0.9823 

 

It can be observed from these tables that is the difference in the correlations’ 

constants/coefficients between the method used in the present study (i.e., S=2/3 tan (α)) and the 

assumption of a parabolic velocity profile is negligible. However, there is an apparent difference 

with the assumption of top-hat velocity profile. 
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APPENDIX B 

VALIDATION AND GRID INDEPENDENCE TEST 

The present PIV measurements are compared with published data obtained by an independent 

method (hot wire anemometry). This is done for typical flow conditions to ascertain the PIV 

measurements including the effect of size of the interrogation area. This comparison is presented 

in Figure B.1, with the centreline mean-velocity decay in Fig. B.1a and its corresponding 

turbulence intensity in Fig. B.1 b, for a jet exiting a pipe (D=6.55 mm). Figure B.1 clearly shows 

that both the centreline decay of the jet and the centreline turbulence intensity are in a good 

agreement with their hot wire anemometry counterparts [117] over the range of Re = 4800 – 

17,500. 

 

(a)                                                                    (b) 

Figure B.1 (a) Normalized jet centerline mean-velocity decay and (b) its corresponding 

normalized turbulence intensity in the jet near field (𝑟0
∗ and 𝑟𝑙

∗ are defined in [117]). 
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The effect of the size of the interrogation area on the PIV data is investigated by varying the 

size of interrogation-area in the image processing of the PIV data. A 32 × 32 and a 16 × 16 

interrogation area are employed for processing the PIV pair of images. Fig. B.2 shows the 

centerline profile of the axial mean velocity and its corresponding turbulent intensity (i.e., rms) for 

N5 nozzle. 

 

(a)                                                                      (b) 

Figure B.2 Biogas lifted flame of N5 nozzle at Qj =8 LPM and Vc = 7.7 m/s, (a) centerline 

mean axial velocity and (b) its corresponding turbulence velocity. 

 

The comparison shown in Figs. B.2a and B.2b demonstrate that the axial mean-velocity, Vx, 

and its corresponding RMS velocity, Vrms,x, are fairly independent of the size of the interrogation 

area. Therefore, the 16 × 16 interrogation area is chosen for processing PIV images (chapter 4).  
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APPENDIX C 

C++ CODE FOR PIV POST PROCESSING 
// PIV post process 3.cpp : Defines the entry point for the console application. 
// 
#include "stdafx.h" 
#include <iostream> 
#include <fstream> 
#include <string> 
#include <iomanip> // for setprecision() 
//‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 
using namespace std; 
//--------------------------------------------------------------------------- 
double n1[127][127], n2[127][127], n3[127][127], n4[127][127], n5[127][127], 
n6[127][127]; 
double n7[127][127], Delta[127], PotCore98, PotCore95, PotCore90, slope, slope1, slope2, 
slope3, slope4; 
string F, A, B, C, D, E, G, H, K, L, M; 
string filename1; 
string filename; 
string filename2; 
int i, ii, j, jj, I, J, counter; 
int inozzle = 63; 
int jnozzle = 4; 
int normvect = 15; //changeable based on what you want to normalize. 15 is the 
equiv.diamter in mm 
       //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 
int _tmain() 
{ 
 //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 
 cout << "Please enter your desired filename.\n" << endl; 
 cin >> filename2; 
 filename2 = filename2 + ".txt"; 
 ifstream jb; 
 jb.open(filename2); 
 
 int dd = 0; 
 ofstream yy5("PotCore98.plt"); 
 ofstream yy6("DecayConstant.plt"); 
 ofstream yy7("PotCore95.plt"); 
 ofstream yy8("PotCore90.plt"); 
 
 while (dd<28) 
 { 
  jb >> filename; 
  cout << filename << endl; 
  //cout << "Please enter your desired filename.\n" << endl; 
  //cin >> filename; 
  filename1 = filename; 
  filename = filename + ".dat"; 
 
  cout << filename << endl; 
  ifstream xx; 
  xx.open(filename); 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
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  string input = ""; 
  getline(xx, input); 
  getline(xx, input); 
  getline(xx, input); 
  //string str1, str2, str3; 
  //size_t pos1, pos2; 
  //pos1= input.find("I="); 
  //pos2= input.find(","); 
  //str1= input.substr (pos1+2,pos2-pos1-2); 
  //pos1= input.find("J="); 
  //str2= input.substr (pos1+2); 
  //pos2= str2.find(","); 
  //str3= str2.substr (0,pos2); 
  //I=atoi(str1.c_str()); 
  //J=atoi(str3.c_str()); 
  //cout<<I<<"\n"<<J<<"\n"; 
  I = 127; 
  J = 127; 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  ofstream yy("Y - " + filename1 + ".plt"); 
  ofstream yy2("Y2 - " + filename1 + ".plt"); 
  ofstream yy3("Y3 - " + filename1 + ".plt"); 
  ofstream yy4("Y4 - " + filename1 + ".plt"); 
  yy << setprecision(8); // show 8 digits 
  yy2 << setprecision(8); // show 8 digits 
  yy3 << setprecision(8); // show 8 digits 
  yy4 << setprecision(8); // show 8 digits 
  yy5 << setprecision(8); // show 8 digits 
  yy6 << setprecision(8); // show 8 digits 
  yy7 << setprecision(8); // show 8 digits 
  yy8 << setprecision(8); // show 8 digits 
        //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 
  ii = 0; 
  i = 0; 
  j = 0; 
  while (ii<16129) 
  { 
   j = ii / I; 
   i = ii - j*I; 
   ii = ii++; 
   xx >> n1[i][j] >> n2[i][j] >> A >> B >> C >> n3[i][j] >> n4[i][j] >> 
n6[i][j] >> n7[i][j] >> D >> E >> F >> G >> H >> K >> L >> n5[i][j] >> M; 
   //yy2<< i<< "\t"<< j<<endl; 
   yy << "VARIABLES =" "\t" "\"X (mm)\"" "\t" "\"Y (mm)\"" "\t" "\"U 
(m/s)\"" "\t" "\"V (m/s)\"" << endl; 
   yy << n1[i][j] << "\t" << n2[i][j] << "\t" << n3[i][j] << "\t" << 
n4[i][j] << endl; 
   //yy<< n1[i][j]<< endl; 
  } 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  double max = 0; 
  int imax, jmax; 
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  for (i = inozzle - (0.1*I);i<inozzle + (0.1*I);i++) 
  { 
   for (j = 0;j<jnozzle + (0.1*J);j++) 
   { 
    if (max<n4[i][j]) 
    { 
     max = n4[i][j]; 
     imax = i; 
     jmax = j; 
    } 
   } 
  } 
  cout << "imax= " << imax << "\t" << "jmax= " << jmax << endl; 
  cout << "xmax= " << n1[imax][jmax] << "\t" << "ymax= " << n2[imax][jmax] << 
endl; 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  double xi = n1[inozzle][jnozzle]; 
  double yj = n2[inozzle][jnozzle]; 
  for (i = 0;i<I;i++) 
  { 
   for (j = 0;j<J;j++) 
   { 
    n1[i][j] = n1[i][j] - xi; 
    n2[i][j] = n2[i][j] - yj; 
   } 
  } 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  double deltap, deltan, deltap2, deltan2; 
  int idp = 0, idn = 0;  
  yy4 << "VARIABLES =" "\t" "\"X (mm)\"" "\t" "\"X/De (mm)\"" "\t" "\"V 
(m/s)\"" "\t" "\"n4[idp][j]\"" "\t" "\"n4[idp+1][j]\"" "\t" "\"deltap\"" "\t" 
"\"deltap2\"" "\t" "\"n1[idp+1][j]\"" "\t" "\"n4[idn][j]\"" "\t" "\"n4[idn-1][j]\"" "\t" 
"\"deltan\"" "\t" "\"deltan2\"" "\t" "\"n1[idn-1][j]\"" "\t" "\"x0.5\"" "\t" "\"x0.5/V\"" 
"\t" "\"x0.5/d\"" "\t" "\"X/3\"" "\t" "\"V*/V\"" << endl; 
  for (j = 0;j<J;j++) 
  { 
   for (i = inozzle;(n4[i][j] >= (n4[inozzle][j] / 2));i++) 
   { 
    idp = i; 
   } 
   deltap = n1[idp][j]; 
   deltap2 = (((n4[inozzle][j] / 2) - n4[idp][j]) / (n4[idp + 1][j] - 
n4[idp][j] + 0.00000001))*(n1[idp + 1][j] - n1[idp][j]) + n1[idp][j]; 
   for (i = inozzle;(n4[i][j] >= (n4[inozzle][j] / 2));i--) 
   { 
    idn = i; 
   } 
   deltan = n1[idn][j]; 
   deltan2 = (((n4[inozzle][j] / 2) - n4[idn][j]) / (n4[idn - 1][j] - 
n4[idn][j] + 0.00000001))*(n1[idn - 1][j] - n1[idn][j]) + n1[idn][j]; 
 
   Delta[j] = (abs(deltan2) + abs(deltap2)) / 2; 
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   yy4 << n2[inozzle][j] << "\t" << (n2[inozzle][j] / normvect) << "\t" 
<< n4[inozzle][j] << "\t" << n4[idp][j] << "\t" << n4[idp + 1][j] << "\t" << deltap << 
"\t" << deltap2 << "\t" << n1[idp + 1][j] << "\t" << n4[idn][j] << "\t" << n4[idn - 1][j] 
<< "\t" << deltan << "\t" << deltan2 << "\t" << n1[idn - 1][j] << "\t" << Delta[j] << 
"\t" << Delta[j] / (normvect) << "\t" << Delta[j] / (normvect) << "\t" << n2[inozzle][j] 
/ 3 << "\t" << n4[inozzle][jnozzle + 3] / (n4[inozzle][j] + 0.00000001) << endl; 
  } 
  slope4 = ((n4[inozzle][jnozzle + 3] / (n4[inozzle][120] + 0.00000001)) - 
(n4[inozzle][jnozzle + 3] / (n4[inozzle][105] + 0.00000001))) / ((n2[inozzle][120] / 
normvect) - (n2[inozzle][105] / normvect)); 
  slope3 = ((n4[inozzle][jnozzle + 3] / (n4[inozzle][105] + 0.00000001)) - 
(n4[inozzle][jnozzle + 3] / (n4[inozzle][90] + 0.00000001))) / ((n2[inozzle][105] / 
normvect) - (n2[inozzle][90] / normvect)); 
  slope2 = ((n4[inozzle][jnozzle + 3] / (n4[inozzle][90] + 0.00000001)) - 
(n4[inozzle][jnozzle + 3] / (n4[inozzle][75] + 0.00000001))) / ((n2[inozzle][90] / 
normvect) - (n2[inozzle][75] / normvect)); 
  slope1 = ((n4[inozzle][jnozzle + 3] / (n4[inozzle][75] + 0.00000001)) - 
(n4[inozzle][jnozzle + 3] / (n4[inozzle][60] + 0.00000001))) / ((n2[inozzle][75] / 
normvect) - (n2[inozzle][60] / normvect)); 
  slope = (slope4 + slope3 + slope2 + slope1) / 4; 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  //input2= "VARIABLES =" "\t" "\"X (mm)\"" "\t" "\"R (mm)\"" "\t" "\"U 
(m/s)\"" "\t" "\"V (m/s)\""; 
  yy3 << "VARIABLES =" "\t" "\"X/De (mm)\"" "\t" "\"V (m/s)\"" "\t" 
"\"v'/Vcl*\"" "\t" "\"u'/Vcl*(m/s)\"" << endl; 
  for (j = 0;j<J;j++) 
  { 
   if ((n4[inozzle][j] / (n4[inozzle][jnozzle + 3] + 0.000000001)) > 
0.98) 
   { 
    PotCore98 = n2[inozzle][j]/normvect; 
   } 
   
   if ((n4[inozzle][j] / (n4[inozzle][jnozzle + 3] + 0.000000001)) > 
0.95) 
   { 
    PotCore95 = n2[inozzle][j]/normvect; 
   } 
 
   if ((n4[inozzle][j] / (n4[inozzle][jnozzle + 3] + 0.000000001)) > 
0.90) 
   { 
    PotCore90 = n2[inozzle][j]/normvect; 
   } 
   yy3 << n2[inozzle][j]/(normvect) << "\t" << n4[inozzle][j] << "\t" 
<< n7[inozzle][j] / n4[inozzle][jnozzle + 3] << "\t" << n6[inozzle][j]/ 
(n4[inozzle][jnozzle + 3] + 0.000000001) << endl; 
  } 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  int section = 25; // changeable value for the cross section of the flow 
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  yy2 << "VARIABLES =" "\t" "\"y/De (mm)\"" "\t" "\"V (m/s)\"" "\t" 
"\"v'/Vcl\"" "\t" "\"u'/Vcl\"" << endl; 
  for (i = 0;i<I;i++) 
  { 
   yy2 << n1[i][section]/(normvect) << "\t" << 
n4[i][section]/n4[inozzle][jnozzle +3] << "\t" << n7[i][section] / n4[inozzle][jnozzle + 
3] << "\t" << n6[i][section]/ n4[inozzle][jnozzle + 3] << endl; 
  } 
  //‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
‐‐ 
  dd = dd + 1; 
  cout << dd << endl; 
  yy5 << PotCore98 << endl; 
  yy6 << slope << filename << endl; 
  yy7 << PotCore95 << endl; 
  yy8 << PotCore90 << endl; 
 } 
 return 0; 
} 

 


