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“Combustion is without exaggeration the most important [chemical] reaction to humanity.     […] The first real progress [humankind] made in [its] ascent or descent from the anthropomorphic missing link depended upon [its] control of fire or combustion; and in many ways our further progress depends upon more intelligent and efficient control of combustion.” 
George G. Brown
Proceedings of the First Symposium on Combustion
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The increasing energy demand and the growing concern over the environmental impact caused by the combustion of fossil fuels require the development of effective alternative fuel sources. Biodiesels and bio-alcohols are attractive alternatives to liquid petroleum-based fuels. Biodiesels, such as soy methyl ester can be produced from renewable resources by transesterification of vegetable oils. Methyl esters have properties similar to those of petroleum-based fuels which allow them to be blended with petroleum fuels and to be used in existing infrastructure with minimal or no modification. Alcohols can be produced from renewable resources through the distillation of sugar, and starch crops. Adding alcohols such as butanol to a biofuel-petroleum blend extends the miscibility limits of the blend, increases the content of renewable components, and the concentration of fuel-bound oxygen in the fuel. The characteristics of the blends of alternative fuels and petroleum-based fuels (up to 20% content of alternative fuels) did not vary significantly with respect to a neat petroleum fuel in terms of performance indicators such as heating value or adiabatic flame temperature. 

Porous media combustors offer several unique characteristics and advantages when compared to conventional burners, such as an enhanced heat transfer between the combustion products and the reactants, improved mixing of the unburned mixture, and improved evaporation of liquid fuels. These unique characteristics allows for flame stabilization at lean and ultra-lean combustion conditions which suppress the formation of pollutants like NOx and CO. Porous media burners have been developed for application such as furnaces, gas turbines, steam generators, and heating systems. 

The porous media burner used in this study consisted two different chambers; a flame chamber fixed on top of a spray chamber with the porous media encased between them. The flame chamber (4.3 cm each side, and 27 cm tall) was manufactured out of stainless steel, it was fitted with tempered glass windows in the front and rear sides to allow flame visualization. In addition, it had two lateral 1 cm wide slots to perform probe or thermocouple measurements. The spray chamber had slightly larger dimensions (5 cm square, and 30 cm high) and was located upstream the flame chamber and the porous media casing. It was fitted with four tempered glass windows in order to observe the quality of the spray. Two silicon carbide porous media were used in the burner; an evaporation porous medium (EPM) was the upstream segment of the porous burner. The EPM had pores of diameter 0.75 mm and a pore density of 31 pores per centimeter. The EPM served to enhance the spray evaporation by transferring trapped combustion heat to the fuel/air unburned mixture. It also functioned as a flashback barrier since the pore diameter was small enough to quench the reactions. The second porous medium was a combustion porous medium (CPM). The CPM was characterized by its low pore density (8 pores per cm) and relatively larger pores (diameter >1 mm). The CPM helped to enhance the mixing and stabilize the reactions.  In this study, the flame was located downstream of the CPM.  The porous media were held together in a two-part stainless steel casing with an inlet and outlet of square dimensions of 3.75 cm. Both halves of the casing had inner dimensions corresponding to those of the porous media, and outer dimensions of 10 cm on each side.

Fuel was injected into a preheated (463 K) co-flowing environment using an air-blast atomizer upstream of the porous media. The experiments were carried using three different fuels Jet-A, a blend of 10% SME with 90% Jet-A (SA 10), and a 10% butanol-10%SME-80% Jet-A blend (BSA 10-10), and their combustion characteristics were studied at three different equivalence ratios, ϕ=0.5, ϕ=0.6, and ϕ=0.7 which were selected based on the stability of the flames in the fuel lean operation regime. Equivalence ratio was varied by changing the fuel flow rate and keeping the total air flow rate constant. Flame appearance was measured by taking photographs of the flame; exhaust global emissions and in-flame species concentration at 25%, 50% and 75% flame height were performed using a NOVA gas analyzer and a quartz sampling probe of 1mm aperture and a body of 6mm ID and 7.2mm OD; temperature measurements were carried using an in-house built R-type thermocouple at 25%, 50%, and 75% flame height; soot volume fraction was measured using a laser and a power meter, and the integrity of the burner after operation was addressed by measuring the pressure drop through each PM after operation.  

The flames generated in the porous media burner were non-luminous, and blue due to the lean combustion conditions, enhanced evaporation of the reactants, and mixing mechanisms. Additionally, the presence of fuel-bound oxygen in the blend affected the luminosity and visible height of the flames as oxidation of the fuel occurred faster when the concentration of fuel-bound oxygen was higher. The appearance of the flames and the soot volume fraction measurements showed that no measurable amount of soot was being generated by the flames.  The emission indices of NOx were comparable for the all the fuel blends at a given equivalence ratio. Peak emission index for NOx was found to occur at ϕ= 0.6. It was concluded that the thermal NOx formation mechanism was the dominant mechanism in all cases studied since the highest peak in-flame temperatures for all fuels were recorded at ϕ=0.6. Radial in flame temperature profiles were uniform through the span of the PM as a consequence of the enhanced mixing, and homogeneous reaction produced by the presence of the porous media. Peak temperatures were similar for all flames, at all conditions, on every flame height recorded. The emission indices of CO were comparable for the all the fuel blends at any given equivalence ratio. Peak emission index for CO was found to occur at ϕ= 0.6. CO emission indices were significantly lower than those of open spray flames, and open flames which demonstrate the effects of the porous media burner in suppressing CO emissions. After 100 hours of operation while using blends the pressure drop across the EPM increased by 59 Pa, while pressure drop increased 2 Pa for the CPM.


v
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It is an undeniable truth that fossil fuels started a revolution in technology that laid the foundations of modern civilization. However, the indiscriminate use of these energy sources has led to the increment in environmental pollution, and greenhouse gas emissions responsible for an accelerated global warming, and climate change. The growing concern over the harmful effects on the environment due to the use of fossil fuels paired with the volatility of the oil market are two top issues that are addressed by the investigation and development of alternative fuel sources. 

At a point in history where the demand of energy is increasing at its most accelerated pace, it is crucial to supply such need with sustainable, yet effective sources. Emerging technologies which use wind energy and solar energy form one section of alternative energy utilization; however, there is a large portion of the industrial sector and the vast majority of the transportation sector that heavily rely on safe and easily transported fuel sources, such as liquid fuels. The use of biodiesels, and bio-alcohols (produced from renewable resources), paired with the development of new combustion technologies, offers an attractive alternative to the use of petroleum-based fuels. 



1.1 [bookmark: _Toc477364912][bookmark: _Toc479080982]The Addition of Biodiesels (Methyl Esters)
Biodiesels, such as soy methyl ester (SME) present a viable and attractive alternative to petroleum-based fuels in the energy market. These fuels are produced from a variety of sources ranging from organic waste, crops stover, algae, sugar cane, and vegetable oils. Such biofuels derived from vegetable oils and their blends with mineral fuels are already being used in power generation and diesel engines.  Since the physical characteristics of these fuels are generally similar to those of petroleum-based fuels, both can be easily blended and used in existing infrastructure with minimal or no modification Aldana et al. (2014), Tsai et al. (2010).  

Most vegetable oils are structured as a triglyceride; triglycerides contain three long hydrocarbon chains (fatty acids) which may have up to three double bonds in each chain, with each chain also containing an ester group (RCO2R′). The long chains of the triglycerides cause these compounds to have high molecular weights and high viscosities; by processing these compounds through transesterification, the triglycerides are broken up into smaller alkyl esters. Studies on biodiesels have been performed using different combustion methods such as compression ignition engines, gas turbines, spray flames, vaporized flames, etc. 




1.2 [bookmark: _Toc477364913][bookmark: _Toc479080983]The Addition of Alcohols
Alcohols present another source of attractive alternate fuels. They can also be produced from renewable sources through the distillation of sugar, starch crops, or from second generation sources such as lumber mill residues, and crops stover.
Short alcohols, such as methanol and ethanol, have been effectively used as fuel blend components. Blends of gasoline and small amounts of ethanol (up to 20%) can be used in internal combustion engines with no modification. The development of new engine technologies that allow higher alcohol concentration blends, and the already large ethanol production in the U.S. (equivalent to 0.6 million barrels of oil a day in 2010) are factors that have resulted in increased usage of alcohols as additives (Renewable fuel association, 2010).

As the cost of production of long-chain alcohols drops, the use of these types of compounds becomes more appealing because they possess more similar characteristics to those of conventional petroleum based fuels.  Butanol (C4H9OH) can also be produced from renewable feed stocks, and is already considered a better alternative to short-chain alcohols because it has a heating value that is 41% higher than that of methanol, and 20% higher than that of ethanol. Also, butanol is a safer alternative to alcohols that are readily used as additives, such as ethanol, because it is less corrosive and less volatile than methanol and ethanol (Szulczyk, 2010). 


1.3 [bookmark: _Toc477364914][bookmark: _Toc479080984]Three-Component Blends
The addition of alcohol to a biodiesel-petroleum blend promises several benefits, such as extending the miscibility limits of the blend, and adding an increased content of the renewable components. Studies in engines with petroleum-biodiesel-methanol blends have shown that the performance characteristics of the engine, and NOx emissions did not change drastically, but the emission concentrations of CO, and unburned hydrocarbons decreased at high loads (Howell et al.  1996).

The addition of butanol to petroleum fuels/ biodiesel blends is an attractive idea due to the benefits provided by blending with butanol as well as the combined beneficial effects of the biofuel and the alcohol (which have oxygen present in them). Some studies have shown that butanol is a good addition to petroleum fuel/vegetable oil because butanol not only improves the blend characteristics such as lowering the cold filtering plugging point, and the kinematic viscosity, but also serves as a solvent for the vegetable oils (Atmanli et al., 2015).  Also, engine studies indicate that the use of butanol-petroleum fuel blend results in less NOx emission than that obtained with the use of petroleum fuels (Carter et al.  2015).

1.4 [bookmark: _Toc477364915][bookmark: _Toc479080985]Porous Media Combustion 
Porous media burners offer the unique characteristic of enhancing heat transfer between the combustion products and the unburned reactants due to the presence of the porous media. The addition of a porous medium provides an environment in which more effective mixing occurs. In the case of liquid fuel combustion, the presence of porous media in the combustor provides the conditions for liquid to be better vaporized.  Because of the enhanced combustion conditions, porous media burners extend the flammability limits of the mixture, and help obtain higher reaction rates and flame speeds, (Howell et al.,1996). It is also established that due to the thermal interaction between the products, the porous matrix, and the reactants super-adiabatic flame temperatures can be achieved at the reaction zone, because the reactants ‘borrow’ energy form the burnt mixture Weinberg (1971).

The type and physical configuration of the porous matrix has a big influence on the nature of the reaction. The use of catalytic or non-catalytic porous media would result in different reaction behavior due to the chemical effects caused by the porous media. On the other hand, the use of a foam, a lattice, or a honey comb porous media would actively determine key characteristics of the flame behavior, such as mixing of the reactants, heat transfer properties, or flame temperature.  Non-catalytic porous media tend to be seen as a better option for long use burners as they offer the best combination of cost and perceived advantages. Catalytic porous media tend to be manufactured out of costly materials, and due to the fact that the catalytic component is applied as a coating, the probability of blocked pores increases, thereby diminishing the effectiveness of the component. Notably, reticulated foam has been shown to provide a superior mixing and an adequate heat transfer when compared to lattices or honeycombs Gao et al. (2014).  


[bookmark: _Toc477364916][bookmark: _Toc479080986]Chapter 2: Literature Review 



The contents of this chapter are a summary of previous studies on the use of alternative fuels, its benefits, and drawbacks, as well as studies done on combustion in porous media. The literature presented is mainly focused on studies involving porous media burners, or the addition of vegetable methyl ester, or alcohols, or both to fuel blends. The first section provides information on the blends of petroleum-based fuels with any or both of the aforementioned alternative fuels, and the second section does a similar job regarding porous media combustion. 

[bookmark: _Toc477364917][bookmark: _Toc479080987]2.1 Combustion of Petroleum Fuels and Alternative Fuels Blends
Yilmaz (2012) investigated the effects of intake air preheating on the performance and emission characteristics of a diesel engine fueled by a biodiesel-ethanol (85%-15%), and biodiesel-methanol (85%-15%) compared to those of diesel, and neat biodiesel. The experiment was carried out using a two cylinder, 4-cycle water-cooled engine at two different inlet conditions; preheated (85°C), and ambient (30°C). It was observed that biodiesel-alcohol mixtures presented higher brake specific fuel consumption at different load conditions when the inlet air was preheated. The BSFC measured for both biodiesel-alcohol blends was comparable between the two blends at any given air inlet temperature. At ambient temperature, both three-component blends produced 20% higher BSFC than diesel, and 10% higher than neat biodiesel. When the inlet air was pre-heated, the use of both blends resulted in 38% higher BSFC when compared to neat diesel burned at ambient conditions, and 17% higher BSFC when compared to neat biofuel burned at ambient conditions. The effect of inlet preheating on the combustion emission of the blends was also measured; at 46% load condition, the biodiesel/methanol produced the highest CO concentration at the exhaust (43% higher than diesel) irrespective of the air intake temperature.

Air preheating had a stronger role while the biodiesel/ethanol blend was being used; at ambient condition CO concentration at the exhaust was measured to be 34% higher than with diesel, while at pre-heated conditions emissions were only 5% higher than diesel emissions. At 92% load conditions the CO emissions of biodiesel/methanol at both temperature conditions were comparable to those of diesel; the concentration values measured for the biodiesel/ethanol blend were 30% lower than those of diesel. At higher engine loads, the inlet temperature did not have any effect on CO emissions for any of the blends. NOx emissions measured for the biodiesel/alcohol blends were found to be lower than those of diesel for both engine loads tested, however they increased with increased inlet temperature. For instance, at 46% load, biodiesel/methanol at ambient conditions produced 38% less NOx than diesel while at pre-heated conditions NOx concentration was only 25% lower than diesel; for biodiesel/ethanol at ambient conditions the NOx concentration was 25% lower than the results measured for diesel, while at preheated conditions NOx concentrations were only 12% lower than that of diesel. At 92% engine load the measurements of NOx concentrations for all four study cases did not vary more than 10% form the ones measured for diesel which implies that at higher loads inlet temperature had little effect on NOx formation. 

Armas et al. (2014) documented the gaseous emissions, smoke opacity, and particle concentrations of a turbocharged direct ignition diesel engine running on two blends of diesel with alcohols (10% ethanol, and 16% butanol) tested at road load conditions. The authors found that the alcohol blends had slightly higher NOx emissions. The total mass of NOx [g] produced was recorded through a run of 1200 seconds. Neat diesel produced the least amount of NOx during the trial (2.0 g); followed by the butanol-diesel blend with an increment of 13% with respect to diesel; lastly, the blend with higher recorded emissions was the ethanol-diesel blend with NOx emissions measured at 2.40 g, a 20% increment with respect to neat diesel. The authors suggested that the higher emission of NOx measured for the blends was a result of the high oxygen concentration in the molecules, favoring the formation of these compounds. CO emissions were measured during the same time interval. Neat diesel produced the highest amount of CO [g] at 3.25 g; butanol/diesel, and ethanol/diesel blends produced comparable amounts of CO between each other, both 40% lower than the value measured by neat diesel. Unburned HCs emissions were low and comparable for all fuels measured at the same time interval (0.16 g). On the other hand, alcohol blends produced much lower emissions (40% less than pure diesel) during acceleration conditions. Alcohol blends, particularly ethanol-diesel, resulted in 50% lower smoke opacity values and particle concentrations  than those of neat diesel, indicating the effects cause by fuel bound oxygen in the reduction of soot formation. The study points out the potential of alcohol-diesel blends to reduce CO and particulate emissions, especially if the engines are tuned to burn these type of blends. 

Imtenan et al. (2014) performed an experimental investigation that evaluates the comparative improvement of emission and performance characteristics of diesel and a palm methyl ester – diesel blend (20% PME, 80% diesel) when an additive such as ethanol, n-butanol, or diethyl ether is included in the blend. When the additional component is included in the blend, the resultant blend composition is 80% diesel, 15% PME, and 5% additive. The authors’ findings include qualitative observations on the improved atomization of the three-component fuel (independent of the additive) supported by the improved combustion characteristics when compared to neat diesel or a two component blend. N-butanol was the additive with the highest calorific value (34.33 kJ/g), followed by diethyl ether (33.89 kJ/g) and ethanol (27.33 kJ/g). The resultant calorific value of the of the blends did not vary significantly between blends, diesel had a calorific value of 44.66 kJ/g, where the calorific value of the blends lied within 5% of an average value of 43.4 kJ/g. The power output [kW] of the engine while running on blends when the additive was butanol or diethyl ether was comparable to that of diesel. Power did not vary more than 5% between the diesel output and the blends output for a set range of speeds (1250rpm – 2500 rpm). Power outputs for the ethanol blend, and the two-component blend were 8% and 17% respectively less than that with diesel. For a given speed, diesel produced the highest emission concentration of CO at the exhaust, the CO concentration for the two component blend was typically 13% lower than that of diesel for the range of speed specified earlier. Among the three-component blends, the blend containing diethyl ether produced the highest CO concentration (15% lower than diesel), followed by the butanol blend (25% lower than diesel), and lastly the ethanol blend (38% lower than diesel); this behavior was consistently observed through the range of speed used in the experiment. NOx emissions also were reduced by the presence of the additive, probably due to the lower calorific value of the blends. Diesel and the two-component blend had comparable NOx emission values throughout the range of speeds used during the experiment. NOx concentrations measured for the blends containing butanol and ethanol as additives were comparable among each but consistently lower than the NOx concentration of diesel (typically 10% lower). The three-component blend containing diethyl ether produced the least amount of NOx at the exhaust, typically 13% lower than the values given for diesel.  

Tuccar et al. (2014) used diesel-microalgae biodiesel-butanol blends to characterize the performance and emission of a compression ignition engine. The ternary blends used for these study were 80% diesel, 20% biodiesel; 70% diesel, 20% biodiesel, 10% butanol; 60% diesel, 20% biodiesel, 20% butanol. The physical properties of the blends were not significantly different than those of pure diesel, density for example, ranged from 833 kg/m3 for diesel, to 843 kg/m3 corresponding to the 80% diesel, 20% biodiesel blend. The largest difference between cetane numbers was 9% which corresponded to the 60%-20%-20% blend with a CN of 51.6 and diesel which has a CN of 56.46. Maximum torque output decreased monotonically with the addition of alternative fuels, the maximum output was achieved with pure diesel (237 Nm), and the lowest output was obtained with the 60%-20%-20% blend at 222 Nm, 6% lower than the maximum. On the other hand, the brake specific fuel consumption showed an opposite trend, with the lowest value corresponding to pure diesel, and the highest corresponding to the 60%-20%-20% blend (30% higher than diesel).

 NOx emissions appeared to increase with the addition of microalgae biodiesel probably due to the better quality of combustion, and the higher temperatures achieved. The two-component blend produced the highest NOx concentration at the exhaust; NOx concentration for the blend was consistently 10% higher than that of diesel for a wide range of engine speeds (1200 rpm – 2800 rpm). The NOx measurements for the two three-component blends were comparable between each other (they did not vary more than 5% between blends), the measurements with these fuels were 15% lower than those with neat diesel through most of the speeds tested for the experiment. The reduced values of NOx concentration in blends in which butanol was present is presumably due to the lower heating values of butanol. CO emissions were reduced as the amount of alternative fuels increased in the blend, particularly for the blends containing butanol as these blends had a higher concentration of molecular bound oxygen. For the given range of speeds tested, the D80B20 blend consistently generated 12% less CO than neat diesel. The CO emissions for the D70B20But10 blend were comparable to the emission values recorded for the two component blend, however while increasing the butanol content (D60B20But20) the CO emissions were 19% lower than those measured for neat diesel. A similar trend to that of CO was observed in the measurement of smoke opacity, as the blend with higher fuel-bound oxygen concentration (D60B20But20) had 50% lower smoke opacity than diesel. 
Atmanli et al. (2015) analyzed the effects of n-butanol addition to diesel-vegetable oil blends on performance and emission characteristics of a diesel engine running at standard room conditions. The tests carried were conducted at full load, at eight different speeds between 1800 and 4400 rpm. The blends used were 70% diesel, 20% vegetable oil, and 10% butanol; the vegetable oils used for the experiment included canola, soy, sunflower, corn, olive and hazelnut. All the blends had similar lower heating values, which were on average 5% lower than that of diesel (43.38 MJ/kg), similarly the cetane number values of the blends were similar between each other, and were (on average) 11% lower than that of diesel (55.5). The three-component fuels consistently produced comparable (less than 5% variation) BSFC values between them across the range of speed specified for the experiment. While running on ternary blends, the engine had an average BSFC 43% higher than while running on diesel for most of the engine speeds chosen for the experiment. Brake power, however, did not vary more than 10% between the ternary blends and diesel at any given speed. 

In terms of exhaust gases, ternary blends produced around 25% more NOx emissions than diesel throughout the entire range of speeds; blends containing canola and soy oil produced NOx values consistently lower (10% on average) than the rest of the ternary blends. Ternary blends also produced higher concentrations of CO at the exhaust, particularly at low engine speeds. CO emissions were comparable between ternary blends, at low engine speeds CO concentrations are on average 30% higher than the values recorded for diesel, whereas at the higher end of the tested speeds the difference decreases to around 15%. Exhaust gas temperature was consistently 8% lower when the engine was running with ternary blends as compared to with diesel; the temperature of the exhaust gas for all ternary blends was comparable between the blends across the testing envelope.  

Gómez et al. (2016) studied the blends of diesel and three groups of oxygenated and paraffinic alternative fuels and their soot tendencies taking pure low-sulphur diesel as the baseline. A standardized Smoke Point Lamp was used to find the smoke point of binary blends between (group 1) diesel and an animal fat biodiesel, non-oxygenated alternatives; (group 2) diesel and a hydro-threated vegetable oil (HVO); and (group 3) diesel and ethanol, or butanol. Different blend ratios were used in the experiment, ranging from 5% content of alternative fuel up to 80%. In order to summarize the authors’ findings regarding blends with 10% alternative fuel only will be discussed in this section. At a blend ratio of 90% diesel with 10% alternative fuel content the heating value and the cetane number did not vary significantly (less than 7% difference) with respect to diesel. At the specified blend ratio, group 1 blends did not have any molecular-bound oxygen; the group two fuel had 1% (by mass) of molecular bound oxygen; where group three had 2%, and 4% (by mass) for butanol and ethanol respectively. The increase in fuel-bound oxygen concentration in the blend decreased the sooting tendency of the flame. The blends of diesel-alcohol (either ethanol or butanol) effectively suppressed soot formation (measured as smoke opacity) to a value 40% lower than that of diesel; the diesel/HVO blend which presented a value 10% lower than the measured value for diesel; and group 1 additive blends had similar sooting tendencies to diesel. The authors attributed the different sooting profiles to the aromatic content of the fuel, fuel-bound oxygen concentration, unsaturation, and branching of the molecules.    

[bookmark: _Toc477364918][bookmark: _Toc479080988]2.2 Combustion in Porous Media 
Jugjai et al. (2002) investigated the combustion of liquid fuels using a porous medium burner. The investigation was carried out by burning kerosene without the use of a spray atomizer, the fuel was supplied dropwise into the top surface of the evaporation porous medium and the combustion reaction took place on the lower surface of the porous medium where swirling air was supplied. The combustor was also equipped with a packed bead emitter downstream of the flame. Observations on the evaporation mechanisms, as well as the combustion process were made by measuring axial and radial temperature profiles of the flames, and emission characteristics without the pack emitter installed. It was determined that evaporation was enhanced by the presence of the porous medium to the point where kerosene (Tevap= 250°C) completely evaporated inside the solid porous matrix; the temperature at the top surface of the porous media was measured to be 200°C, and 400°C at the bottom surface. Stable combustion was obtained for equivalence ratios ranging between 0.38 and 0.86. The equivalence ratio was altered by changing the amount of swirling air entering the combustion chamber. The authors qualitatively describe complete combustion at the lower surface of the PM with no soot, or odor. For equivalence ratio between 0.4 and 0.7 the emission of CO does not significantly vary from an average value of 150 ppm, however at higher equivalence ratios (ϕ = 0.86) the CO emissions increased drastically by 160% to values around 400 ppm presumably due to incomplete combustion. NOx emissions increase monotonically with equivalence ratio, at ϕ = 0.4 the NOx concentration was recorded as 100 ppm, whereas for the highest equivalence ratio such value was close to 160 ppm. Higher NOx values occurred at higher combustion temperatures, which suggest the dominance of thermal NOx formation.   

Keramiotis et al. (2012) carries and experimental study on flame stability and combustion emissions on a two phase porous media using methane and liquefied petroleum gas (LPG) as fuels. A rectangular (130 x 185 mm) porous burner was used, the downstream section, or mixing chamber, was made out of high pore density alumina foam, and the upstream most section, or combustion zone made out of 10 ppi silicon carbide (SiC) foam. The burner was tested over a range of nominal thermal loads from 200 to 1000 kW/m2 under various lean combustion conditions, while keeping the reaction stabilized inside the combustion foam. The study revealed stable operation within flashback and blowout limits for a wide range of thermal loads (200 to 1000 kW/m2) and stoichiometry (excess air ratio, λ = 1.2, 1.4, 1.6). At the center of the burner CO emissions of LPG were found to be similar for all excess air ratios, and thermal load of 200 kW/m2, maximum value was recorded for λ= 1.2 at 20 ppm, whereas the minimum was found to be 15 ppm corresponding to λ= 1.4. A similar behavior was observed for higher thermal loads. At the center of the burner, NOx emissions increased monotonically with the decrease of excess air. For LPG combustion and a thermal load of 200 kW/m2 the lowest NOx concentration corresponded to λ= 1.6 with a value of 3 ppm, whereas the maximum was found to be 17 ppm corresponding to λ=1.2. The authors found that NOx emissions consistently increased by 20% with a 100% increment in thermal load. Temperature measured 1 mm above the PM burner varied within 20°C of the median (850°C for 200 kW/m2, and 1200°C for 400 kW/m2) for all excess air ratios; the temperature profiles where practically uniform across the width, and length of the porous media burner suggesting a thorough mixing of reactants during combustion. Almost identical results were obtained while using methane as fuel, concluding that such burner configuration has a good fuel interchangeability concerning emissions and burner operation. The burner also kept the capability of running at lean combustion regimes while providing constant thermal output. 

Gao et al. (2014a) analyzed the effects that different foam materials had in a two-layer porous media burner for methane/air premixed combustion. The objective of the study was to determine the stability limits, flame temperature, and emissions of for a burner equipped with porous media of different materials. The porous media burner for this study used an upstream section packed with 3 mm alumina (Al2O3) beads, and cellular foam of different materials in the downstream section. The foam materials investigated were alumina, zirconia (ZrO2), iron-chromium-aluminum (FeCrAl), and silicon carbide (SiC). The pore density was the same for all foams, 10 pores per inch (ppi), except for SiC foams for which different pore densities were studied (10, 20, 25, 30 ppi). The flames studied were stabilized inside the upstream section and it was determined by the authors that flame temperature was jointly controlled by heat release, heat loss, and heat transmission. The minimum stable flame velocity was found to be similar for all foams with a recorded value close to 15 cm/s. FeCrAl was the material with the largest stability envelope, the highest flame velocity for this foam was measured to be 80 cm/s. SiC foams maximum speed varied with porosity; the 10 ppi foam generated flame speeds up to 70 cm/s, the 20 ppi foam up to 65 cm/s, 35 ppi up to 60 cm/s, and the 30 ppi foam maximum stable flame speed was 35 cm/s. Al2O3 and ZrO2 foams produced stable flames at speeds 44% lower than those of FeCrAl. At a given flame speed (40cm/s), FeCrAl, and 10 ppi SiC produced the highest flame temperatures at a value of 1220°C; Al2O3 and ZrO2 foams produced flame temperatures 100°C lower. CO emissions were not sensitive to the material and remained below 50 ppm for all tests. Unburned HC concentrations for the Al2O3, ZrO2, and FeCrAl foams were almost constant for their stability envelope; however, flames generated with the ZrO2 foams had an HC concentration of about 1300 ppm, which was twice more unburned HC than FeCrAl, and three times higher concentration than Al2O3. The HC concentration in the flame with SiC foam decreased with an increase in flame speed ,from 2500 ppm at 15 cm/s down to 500 ppm at 80 cm/s. NOx emission remained low (below 3 ppm) for all four materials. The authors concluded that flame stability limits expanded with increased foam conductivity, and pore density. 

In another study Gao et al. (2014b) made a comparison study on the effects of different porous media shapes in a two-layer porous burner for the combustion of methane/air mixtures. Flame stability limits, flame temperature, flame speeds, and emissions were recorded for premixed flames stabilized over 13 mm alumina beads, 10 ppi (pores per inch) alumina foams, and 100 cpsi (combs per square inch) alumina honeycombs. The study revealed that foams have the largest stability range with stable flame speeds ranging from 15 cm/s to 45cm/s, followed by beads (10 cm/s to 30 cm/s, and honeycombs with the narrowest (15 cm/s to 25 cm/s). The difference in stability range was directly attributed to the intricate path network that characterizes foams as well as the thin optical layer associated with them. For a given flame speed (25 cm/s), the packed beads produced the highest flame temperature (1150°C), honeycomb combustor flames generated flame temperatures 5% smaller than those produced by the packed beads combustor, foams generated flame temperatures that were 11% lower than those generated by the packed beads. The authors concluded that the foam burner generated lower temperatures due to the strong radiative heat transfer of the foam structure. The structure of the burner also affected emissions; CO emissions did not vary significantly across the stability range of all combustor types; however, the magnitude decreased in the order of foams (400 ppm), beads (120 ppm) and honeycombs (50 ppm). Honeycombs, however, presented the highest concentration of unburned hydrocarbons (20000 ppm), HC emissions for beads, and foams did not exceed 700 ppm. NOx concentration was unaffected by the porous media configuration as the emissions for all three burners were found to be lower than 4 ppm at all conditions. 

Pan et al. (2015) documented the premixed combustion characteristics of hydrogen/oxygen mixtures in a micro porous media combustor of different materials using numerical simulation. The study was carried out with the objective of designing a micro porous media burner to be used in a thermo-photovoltaic generator. The objective of the study was to investigate the effects that different parameters had on the temperature of the porous media, emitter efficiency of the combustor, and temperature distribution through the porous matrix. The investigation was carried out by changing several crucial parameters such as porous media material (SiC, Si3N4, and Al2O3), equivalence ratio (0.6, 0.8, 1.0), and porosity of the porous media. The heat capacities for SiC, Si3N4, and Al2O3 are 275 J/kg*K, 690 J/kg*K, and 1000 J/kg*K respectively, The thermal conductivity values of SiC, Si3N4, and Al2O3 are 92 W/m*K, 31 W/m*K, and 25 W/m*K respectively. The simulation results showed that for equivalence ratio of  0.8 the temperature gradient for SiC was 175 K, for Si3N4 was 405 K, and for Al2O3 was 682 K from which it can be concluded that SiC would have a more uniform temperature distribution through the porous matrix allowing for intensified and more stable combustion. 

Using the SiC porous matrix at an equivalence ratio of 1.0, the wall temperature of the porous medium was found to be 1400 K, with an emitter efficiency of 15.9%; At ϕ = 0.8, the temperature at the porous medium wall was recorded at 1350 K with an emitter efficiency of 18.2%; whereas for ϕ = 0.6 the simulated temperature at the wall was close to 1350 K, with an emitter efficiency of 14.1%. Optimal porosity was important for the micro combustor, as too high or too low porosities can influence the combustion behavior. The effects of porositiy were explored at ϕ=0.8 with a SiC porous foam. Porosities of 30%, 50%, and 70% were explored in the simulation. For a flow velocity of 9 m/s the pressure drop for 70%, 50%, and 30% porosities were 134 Pa, 140 Pa, and 45Pa respectively. The temperature gradients through the combustor (for the same conditions) were given as 510 K, 413 K, and 251 K for porosities of 70%, 50%, and 30% respectively. 50% porosity was the optimal balance between temperature distribution and pressure drop through the combustor. The simulation concluded that the best porous media for the the TPV micro combustor would be a SiC, 50% porous matrix at ϕ=0.8. 

Mustafa et al. (2016) presented an experimental evaluation on the effects of several cooking oil-kerosene fuel blends for the combustion process used in thermoelectric (TE), and thermo-photovoltaic (TPV) power systems. Three different blends of vegetable cooking oil (VCO) and kerosene (K) were tested, 95%-05% VCOK, 90%-10% VCOK, 80%-20% VCOK. All three blends were used in both of the combustors, and the temperature distribution and emission profiles were recorded. TE electrical power output was especially sensitive to richer fuel mixtures as 400% increase in power output was achieved by increasing ϕ = 0.1 to ϕ = 1.1, and not too affected by the blend composition as the power output of one blend was within 5% of each other blend for a given condition. Temperature measured at the center of the burner had a peak at equivalence ratio ϕ = 0.7, the peak temperature measured above the burner (850°C) did not vary significantly with the fuel composition for this burner configuration. For this burner configuration, CO emissions had a non-monotonic variation with increase of equivalence ratio. The lowest measured concentration (350 ppm) occurred at equivalence ration 0.6; in the other hand the maximum recorded concentration reached 600 ppm at ϕ = 1.1. For a given equivalence ratio the blends with higher kerosene concentration produced as much as 18% more CO than that with the lowest amount of kerosene (95-05 VCOK).  NOx monotonically decreased with the increase of equivalence ratio from emission concentrations as high as 19 ppm for 95-05 VCOK at ϕ = 0.1 to 10 ppm for the same fuel at ϕ = 1.1. NOx emissions were consistently lower when the fuel had higher concentrations of kerosene. For instance, 80-20 VCOK produced 30% less NOx than 95-05 VCOK at any equivalence ratio. The TPV system was more influenced by the mixture composition, with the mixture with highest kerosene concentration yielding higher electrical output; 95-05 VCOK on average produced twice more power than the blend with lowest kerosene concentration. The axial temperature of the flame did not have a significant change with change of mixture, the peak temperature measured in this burner was close to 700°C for ϕ = 0.6. CO emissions had a non-monotonic variation with increase of equivalence ratio. The lowest measured concentration (230 ppm) occurred at equivalence ration 0.35; in the other hand the maximum recorded concentration reached 350 ppm at ϕ = 0.8. For a given equivalence ratio the kerosene concentration on the blends did not produce significant effect in the emission measurements as they were within 5% of each other. NOx monotonically decreased with the increase of equivalence ratio from emission concentrations as high as 13 ppm for 95-05 VCOK at ϕ = 0.1 to 4 ppm for the same fuel at ϕ = 1.1. NOx emissions were consistently lower when the fuel had higher concentrations of kerosene. For instance, 80-20 VCOK produced 30% less NOx than 95-05 VCOK for most of the combustion conditions.



Lapirattanakun and Charoensuk (2017) designed a cooking stove with a porous media burner operating in waste vegetable oil (WVO) and steam mixture as fuel. The porous region was created by packing 2 cm diameter ceramic balls in a 20cm OD, 10 cm ID, 15 cm height annular burner. The porous media region was used as a heat recirculation region, as well as a flame stabilizer. The vegetable oil was atomized using a high pressure nozzle, and the steam fuel-mixture was supplied into the porous media from the center cylinder. The steam supply was generated by vaporizing water using the heat recovered by the porous media region. Well-distributed temperatures throughout the porous media were achieved even if the firing rate was varied (345-1475 kW/m2). Combustion performance was not negatively affected by the addition of steam at flow rates between 0.16-0.22 kg/min as the thermal efficiency did not vary more than 5% between different water flow rates at any given nominal firing rate. However, thermal efficiency varied drastically with the increase of firing rate (27% at 300 kW/m2, and 7.5% for 1400 kW/m2). At any given firing rate, the CO concentration increased with an increase in water flow rate; in the case of maximum thermal efficiency, CO concentrations measured with an added water flow rate of 0.16 kg/min were 50% lower than those measured with a water flow rate of 0.22 kg/min, similar magnitudes were observed at any given firing rate. On the other hand, NOx concentrations peaked when the flow rate of water added was 0.20 kg/min. At a firing rate of 300 kW/m2, NOx concentration was measured to be 22 ppm when the water flow rate was 0.16 kg/min; 40 ppm was measured for 0.20 kg/s and 26 ppm for a water flow rate of 0.22 kg/min, similar trends were observed through the operational envelope; however, magnitudes decreased at higher firing rates.  
In conclusion, the use of alternative fuels paired to petroleum-based fuels provides an alternative that does not compromise the performance of the combustion devices used due to the similar physical characteristics of the blend compounds, as well as a similar heating value of the blends and the pure fuels. The use of fuel blends paired with a porous media combustor generally yields lower NOx due to the reduced flame temperature obtained as a consequence of the fuel lean burning conditions that porous media allows carrying. CO emissions are generally reduced by the use of blends due to the increased presence of fuel-bound oxygen which allows for a quicker and more effective oxidation of the fuel. 
Porous media burners appear to be advantageous while paired with alternative fuel blends since they provide the ability to stabilize a reaction at leaner conditions, and provide a better evaporation profile for any given fuel used. Due to these unique characteristics, porous media burners seem to be ideal to carry the combustion of liquid fuels, especially those with high boiling points such as vegetable methyl esters. 








[bookmark: _Toc477364919][bookmark: _Toc479080989]2.3 Problem Definition and Objective
The current study is primarily focused on the combustion characteristics of a ternary blend of Jet-A, SME, and butanol (80%-10%-10% by volume). Previous studies focused mainly on the performance of ternary blend fuels while used in internal combustion engines. Studies like that made by Imran (2015) focused only on the use of Jet-A/butanol blends on a porous media burner, while others like Barajas (2009) only focused on the combustion of petroleum based fuels/vegetable methyl esters on porous media. The present study is focused on investigating the effects on performance and emission characteristics of ternary blends flames, as well as the effects that such fuel will have on the burner. 

The following specific objectives were set in order to study the combustion characteristics of a ternary blend fuel in a two-phase porous media burner at different equivalence ratios and controlled preheated co-flow environment. 

· Measure and compare the global emissions of the fuels studied. 
· Measure the radial in-flame concentration profiles of CO, NOx, CO2, and O2, at different flame heights.
· Measure the radial in-flame temperature profiles at different flame heights. 
· Measure the relative soot volume fraction at the flame axis. 

· Assess the effects of the blends on the injector, and the porous media burner. 
The fuels used in this study were Jet-A, Jet-A 90%-SME 10%, and Jet-A 80%-SME 10%- butanol 10%; at equivalence ratios 0.5, 0.6, 0.7, in a co-flow environment preheated to 463 K.  


[bookmark: _Toc477364920][bookmark: _Toc479080990]Chapter 3: Experimental Setup & Instrumentation



A description of the appropriate experimental setup is presented in the following chapter. The selection of the instrumentation was essential to adequately address the previously set objectives. The facility described, and a similar setup was used on previous studies by Periasamy (2007), Barajas (2009), Dahifale (2010) and Imran (2015).
 
[bookmark: _Toc477364921][bookmark: _Toc479080991]3.1 Porous Media Combustion Setup
All experiments were carried at the Combustion and Flame Dynamics Laboratory located in the University of Oklahoma main campus. The experiments were conducted in a large steel combustion chamber (76cm on each side, and 163cm height) fitted with four pyrex glass windows, and connected to an exhaust duct, as seen in Figure 3.1. The ambient pressure of the laboratory was maintained at slightly higher than atmospheric in order to provide a positive draft in the laboratory combustion chamber so that flue gases did not leak into the laboratory installations. 

The setup consisted of two different chambers; a flame chamber fixed on top of a spray chamber with the porous media encased between them. The flame chamber was manufactured out of stainless steel (4.3 cm each side, and 27 cm tall), it was fitted with tempered glass windows in the front and rear sides to allow flame visualization. In addition, it had two lateral 1 cm wide slots to perform probe or thermocouple measurements. The spray chamber had slightly larger dimensions (5 cm square, and 30 cm high) and was located upstream the flame chamber, and the porous media casing. It was fitted with four tempered glass windows in order to observe the quality of the spray. The spray chamber would remain insulated to the environment if the spray was not being surveyed. 

[bookmark: _Toc477364922][bookmark: _Toc479080992]3.1.1 Porous Media
Two different non-catalytic porous reticulated foams were used in the study. Both matrices were made out of silicon carbide (SiSiC), with dimensions (4.0 x 4.0 x 2.5) cm each.  

The evaporation porous media, EPM, was the upstream most segment of the burner. This segment of the burner had a relatively high pore density (31 ppcm, pores per centimeter), the pores were characterized by their small diameter (<0.75mm). The EPM was the section of the burner which served to enhance evaporation by transferring part of the heat generated during combustion to the unburned fuel/air mixture. Furthermore, the EPM also functioned as a flashback barrier, since the pore diameter was small enough to quench the reactions.  A photograph of the EPM is displayed in Figure 3.3. 


The combustion porous media, CPM, was characterized by its low pore density (8 ppcm) and the relatively large diameter of its pores (>1mm). This section had the purpose of enhancing the mixing process even further, as well as to stabilize the reaction, either at the section surface, or within the porous segment. In this study, the flames were located downstream the CPM. The CPM was the burner segment that recuperated the waste heat generated by the combustion reaction and transferred upstream to the EPM. All three heat transfer mechanisms played an important role in the CPM performance. A photograph of the CPM is displayed in Figure 3.4. 

The porous media matrices were held together in a two-part stainless steel casing with inlet and outlet of square dimensions of 3.75cm. Both halves of the casing had inner dimensions corresponding to those of the porous media, and outer dimensions of 10 cm on each side. The porous media casing was insulated to the environment by a layer of fiber glass insulation. A schematic diagram of the enitre porous media burner setup is presented in Figure 3.5. 

[bookmark: _Toc477364923][bookmark: _Toc479080993]3.1.2 Preheated Co-Flow Air Supply 
The co-flow air was supplied by the University of Oklahoma physical plant. In order to treat the air, the flow passed through a condenser on an ice bath to remove moisture. Downstream, the air was further dried by passing the flow through a packed bed of drierite (calcium sulphate 98%-cobalt chloride 2%) to dry it even further. Before being directed into the heating system, the air passed through a 0.1 micron filter to remove any solid particles. The co-flow air supply was regulated with a calibrated rotameter. The details of the rotameter can be found in Table 3.1. 

In order to pre-heat the co-flow supply the stream was split into two streams that were heated by  two individual 120V ETS 52088-6  air process heaters which suplied 400W each. The two streams were reunited at a rectangular settling chamber (4cm x 4cm x 27cm) where the flow was straightened by a series of screens prior to entering the evaporation chamber.  For the present experiments , the co-flow air was preheated to 463K. The setup was able to reach steady-state thermal conditions in 40 minutes, however prior to any experiment run the setup was let to heat for 90 minutes in order to ensure steady-state conditions. The settling chamber was insulated to the environment by a layer of fiber glass insulation in order to prevent excecive heat loss.  

The temperature inside the settling chamber was meassured by two different 1mm diameter K-type (chromel-alumel) thermocouples placed at different sides of the chamber to monitor temperature uniformity. The power output of the heaters was regulated using an Omega CN79000 controller, and two solid state relays were fed with the output from the thermocouples . 




[bookmark: _Toc477364924][bookmark: _Toc479080994]3.1.3 Fuel Supply  
The fuels were stored in a 3000ml  stainless steel tank from which they were drawn and metered by a calibrated rotameter (the details of the rotameter can be found in Table 3.1). The fuel tank was pressurized to 1.4 atm by suppliying compressed nitrogen into the tank.
The fuel spray was generated inside of the spray chamber, and was directed towards the upstream face of the evaporation porous media. The fuel was atomized directly into the co-flow air stream which carried the vapour downstream. 

A Delavan swirl model No. 3060-1 air blast atomizer served as the injector. It was attached to a 0.42 inner diameter, 0.63 cm outer diameter stainless steel tube. Atomizing air for the spray passed through a 1.28 ID, 1.90 cm OD pipe that was mounted concentrically around the fuel tube. The atomizing air supply was drawn out of a compressed air cylinder, and regulated with a calibrated rotameter (the details of the rotameter can be found in table 3.1). The atomizing air and the fuel were kept apart prior to the nozzle exit. 

[bookmark: _Toc477364925][bookmark: _Toc479080995]3.1.4 Fuels
Three fuels were the main components for the blends used in the study: aviation-grade kerosene (Jet-A), soy methylester (SME), and n-butanol. The experiments were carried using pure Jet-A, a blend of 10% SME with 90% Jet-A (SA 10), and a 10% butanol-10%SME-80% Jet-A  blend (BSA 10-10). Important properties of the neat component fuels, and the blends are summarized in Table 3.2. 
Neat Jet-A had  the highest heating value, followed by SME with a heating value 10% lower than that of Jet-A, and lastly n-butanol with a heating value about 25% lower than that of  Jet-A. The considerably large difference in  heating values between Jet-A and butanol was a limiting factor while deciding the blend fractions. Among  the fuels  used in this study Jet-A had  the highest heating value, followed by SA 10, and BSA 10-10 with 1% and 4% lower heating values relative to Jet-A. 

The amount of oxygen bound to the fuel molecules is a key factor in the combustion behavior of each blend. The parent fuel with the highest ammount of fuel-bound oxygen was n-butanol, in which the mass percentage of molecule-bound oxygen is 21%. Butanol is followed by SME with 11%, and Jet-A which has no oxygen in its chemical composition. The highest ammount of fuel-bound oxygen for the fuels  used in this study corresponds to BSA 10-10 which has  a 3% content by mass, followed by SA 10 with 0.9% content by mass.  

The boiling point of butanol (390 K) is lower compared to that of Jet-A (418 K-573 K), and SME (619 K-678 K). The range of boiling points enabled butanol to evaporate before Jet-A, and SME. which allowed for the combustion reaction to start earlier when the blends contained butanol compared to the other fuels .  

[bookmark: _Toc477364926][bookmark: _Toc479080996]3.1.5 Test Conditions
Flame characteristics were measured at equivalence ratio (φ) conditions 0.5, 0.6, 0.7, for each of the fuel blends. The detailed description of the test conditions is displayed in Tables 3.3a-c.

The different exit equivalence ratios  were achieved by varying the fuel flow rate while keeping the total air flow rate (co-flow + atomizing air) constant at 125 l/min. The ratio between the fuel, and atomizing air flow rates was kept approximately the same across fuels and equivalence ratio conditions to ensure that the drop velocity and size distribution, (measured with a phase-Doppler analyzer PDPA), was approximately the same for all fuels at all conditions, as measured by Ratul (2012).  In addition, the carbon input rate for each equivalence ratio condition was kept approximately constant for all fuels, as seen in Tables 3.3a-c. 

[bookmark: _Toc477364927][bookmark: _Toc479080997]3.2 Experimental Apparatus and Procedure
[bookmark: _Toc477364928][bookmark: _Toc479080998]3.2.1 Flame appearance 
Digital images of the flames were obtained using a Canon EOS 350-D camera. The photographs were taken with an f-stop of f/3.5, an ISO of 100, and an exposure time of 0.2 seconds. The camera was located outside the laboratory combustion chamber, 1 meter from the flame in order to capture the entire flame diemnsions. The flame heights were determined by correlating the amount of pixels occupied by a known distance and scaling the flame height based on the established correation. Four photographs were taken with each fuel at each equivalence ratio condition. 

[bookmark: _Toc477364929][bookmark: _Toc479080999]3.2.2 Global emissions
The combustion byproducts meassured during this experiment were oxygen, carbon dioxide, carbon monoxide, and nitric oxide. 

The flue emissions were collected using a Pyrex gas collector and sampled by a 1 mm tip un-cooled 6 mm ID, 7.1 mm OD quartz probe. The collector cone was placed 2cm. directly above the visible flame, the gas sample was then treated by passing it through a water trap condenser submerged in an ice bath, and through fiber filters to prevent moisture and solid particles to reach the gas analyzers. 

Carbon monoxide concentration measurements were acquired using a NOVA 376WP gas analyzer, while Nitric oxides, carbon dioxide, and oxygen concentrations were obtained with a NOVA 7466K analyzer. CO2 concentrations were collected using a non-dispersive infrared detector, O2, CO, and  NOX were made with electrochemical sensors.   
Emissions indices were calculated and documented to account for the dilution due to air entrainment. Emissions indices were calculated using the method described by Turns (2011). 
                                                                                  (3.1)
Where EIi, is the emission index for the species being recorded in [gspecies/kgfuel], Xi is the mole fraction of the species being measured, XCO , and XCO2 are the mole fractions of carbon monoxide, and carbon dioxide respectively, x is the number of moles of carbon in a mole of fuel, MWi [g/mol], and MWF [kg/kmol] are the molar weights of the measured species and the fuel, respectively. Figure 3.9 shows a schematic diagram of the global emissions measurement setup.

[bookmark: _Toc477364930][bookmark: _Toc479081000]3.2.3 In-Flame Species Concentration
Local concentrations of the reaction products were measured at three different axial locations (25%, 50%, 75% flame height), and across the radial direction at 2 mm intervals using a two-dimensional manual traverse. The gas was sampled using the same quartz probe used for the global emissions measurements. The collected gas sample was then treated by using the same methods described before in the global emission measurements in order to remove prevent moisture, and solid particles to reach the gas analyzers. 

Carbon monoxide concentration measurements were acquired using a NOVA 376WP gas analyzer, while Nitric oxides, carbon dioxide, and oxygen concentrations were obtained with a NOVA 7466K analyzer. CO2 concentrations were collected using a non-dispersive infrared detector, O2, CO, and  NOX were made with electrochemical sensors. Especial caution was taken to ensure that the insides of the flame chamber were sealed to the environment except for an aperture big enough for the probe to enter. Figure 3.10 shows a schematic diagram of the in-flame species concentration measurement setup.     

[bookmark: _Toc477364931][bookmark: _Toc479081001]3.2.4 In-Flame Temperature
Temperature measurements were taken at three different axial locations (25%, 50%, 75% flame height), and across the radial direction at 2mm intervals using the same setup used in the in-flame species measurements. Temperature data was collected using an R-type (Platinum/Platinum-Rhodium) thermocouple made with wires of 0.05mm in diameter. The thermocouple bead had a diameter  of 0.2mm, and was coated with a homogeneous silicon dioxide coat in order to suppress the platinum catalytic effects. The coat was created by covering the bead with silicone grease and exposing it to the blue region of a Bunsen burner flame. Especial caution was taken to ensure that the insides of the flame chamber were sealed to the environment except for a small aperture through which the thermocouple was inserted. 

The data was collected from the thermocouple through LabVIEW data acquisition software. The sample time at each location was 10 seconds at a sampling rate of 1 Hz. The measured temperature was then corrected for conductive, convective, and radiative heat losses (Ratul 2012). Figure 3.11 shows a schematic diagram of the in-flame temperature measurement setup.


[bookmark: _Toc477364932][bookmark: _Toc479081002]3.2.5 Soot Volume Fraction 
The path integrated soot volume fraction measurement was made by using the relationship established from the application of Beer’s law, and Mie’s theory as presented by Yagi and Iino (1962) for a propane air flame. The relationship has been used by various authors including Romero, Imran, who have similarily studied the soot distrubution in laminar partially premixed flames in palm methyl ester with diesel, and Jet-A with butanol, respectively. Ultimately soot voulme fraction, Fv, [ppm] is calculated by:

                                                                                                     (3.2)

Where Is is the incident laser intensity [mW], Io the attenuated laser intensity [mW], kλ the spectral extinction coefficient based on the refractive indices of the soot, λ the laser wavelength [m], and δ the laser beam path (flame thickness) [m].     

The flame thickness was measured in a similar fashion to the flame height, using a digital image processor to correlate a known length to the amount of pixels occupied by it, and applying that correlation to the pixels occupied by the flame. For all the soot volume fraction calculations the flames were assumed axisymmetric. A 5mW Helium-Neon laser of wavelength λ=632.8nm was used as the light source coupled with a Coherent Field Mate laser power detector. Both the laser and the detector were mounted in such a way that the laser beam will pass through the flame before striking the detector. The laser beam intensity was measured prior, and after starting the flame in order to record the change in power measured. 

The laser intensity got attenuated while passing through the flame due to the presence of soot; the beam attenuation, Io, was obtained by measuring the intensity of the beam together with the power output of the flame field (Io + If ) as measured by the detector. The power intensity measured due to the flame, If, was determined by documenting the power output measured with the flame running and no incident laser beam.  Especial caution was taken to ensure that the flame chamber was sealed to the environment except for a 1x1 cm aperture through which the laser beam passed.  The measurements were taken for all fuels, at all three different equivalent ratio conditions, at three different axial locations (25%, 50%, and 75% flame height). Figure 3.13 shows a schematic diagram of the soot volume fraction measurement setup. 

[bookmark: _Toc477364933][bookmark: _Toc479081003]3.2.6 Pressure Drop across the Porous Media
Pressure drop across the porous media was measured with new porous media prior to starting any experiments, after 100 hours of operation to document the degradation suffered by the porous media due to the interaction with the fuels, and after maintenance was done on each porous medium. To measure the pressure drop, the porous medium and its casing (same used in the burner) were attached at the end of a square stainless steel pipe (4cm x 4cm x 27cm). Compressed air supplied from the university physical plat was passed through the steel chamber at a flow rate comparable to the total airflow rate used in the experiments (130 l/min). A static pressure port was located upstream of the steel chamber by installing a T-joint at the inlet of the chamber, then flow was released to the environment. The difference in pressure between the inlet and the outlet was documented using a U-tube manometer (filled with water) with one end attached to the T-joint, and the other open to atmospheric pressure. Pressure drop measurements were performed individually on both porous media; Figure 3.14 shows a schematic diagram of the pressure drop setup. 

[bookmark: _Toc477364934][bookmark: _Toc479081004]3.2.7 Experimental Uncertainty
Experimental uncertainties were calculated using 95% confidence intervals, assuming t-distribution for all tests. Random error (R), and biased error (B) were considered while calculating the overall uncertainties. Experimental uncertainty values for all tests are presented in Table 3.4.









[bookmark: _Toc477364935][bookmark: _Toc479081005]3.3 Experimental Procedure
[bookmark: _Toc477364936][bookmark: _Toc479081006]3.3.1 Startup Procedure
· The co-flow air condenser was placed in into an ice bath, immediately after that the co-flow air supply was opened to the required flow rate as specified by the test conditions. 
· The heaters were turned on and set to 463 K. The setup took approximately one hour to reach a steady temperature. 
· The fuel tank was then pressurized (1.4 atm) using a compressed nitrogen cylinder. 
· The atomizing air was initiated, and set to a desired flow rate value. 
· A propane pilot flame was ignited downstream of the porous media burner. 
· The flow rate of fuel was opened and set to a desired value. 
· Once the fuel supply was continuous and the vapors started burning the pilot flame was shut down.


[bookmark: _Toc477364937][bookmark: _Toc479081007]3.3.2 Shutdown 
· The fuel flow rate was closed.
· Immediately after the flow was stopped, the fuel tank was depressurized. 
· Atomizing airflow was left open for a period of 15 minutes to prevent fuel residues to deposit on the spray nozzle. After that period the atomizing air was shut. 
· The heaters were shut off. 
· Co-flow air was left running for approximately one hour to allow the setup to cool down. After that period the co-flow stream was closed. 


 (Zhang, 2011)



[bookmark: _Toc477421679][bookmark: _Toc479083424]Table 3.1: Physical properties of the parent fuels and blends.
Fuel
Jet-A
SA 10 
BSA 10-10 
SME
n-Butanol 
Chemical Formula 
C13H23
C13.4H23.8O0.1
C11.3H20.8O0.3
C18.8H34.6O2
C4H10O
H/C Ratio 
1.77
1.78
1.84
1.84
2.50
Molecular Weight [kg/kmol]
179
186.9
161.2
292.2
74
Density [kg/m3]
795
804
814
881
805
Oxygen % (by mass)
0
0.9
3
11
21.6
Heating Value [MJ/kg]
43.28
42.9
41.6
39.7
33.1
Adiabatic Flame Temperature [K]
2264
2264
2258
2262
2251
Boiling Point [K]
418-573
 
 
619-678
390
Enthalpy of Vaporization [kJ/kg]
335
 
 
350
550









[bookmark: _Toc477421680][bookmark: _Toc479083425]Table 3.2: Nominal flow conditions for equivalence ratio 0.5, 0.6, and 0.7.
φ
Fuel
Co-flow Temperature [K]
Coflow Air [l/min]
Atomizing Air  [l/min]
Fuel [ml/min]
Carbon input rate •10-5[kg/s]
0.5
Jet-A
463
120.2
3.9
6.54
7.55

SA 10
463
120.2
3.9
6.56
7.56

BSA 10-10
463
120.1
4.0
6.63
7.54
0.6
Jet-A
463
119.4
4.7
7.84
9.06

SA 10
463
119.4
4.7
7.87
9.08

BSA 10-10
463
119.3
4.8
7.95
9.05
0.7
Jet-A
463
118.6
5.5
9.15
10.60

SA 10
463
118.6
5.5
9.18
10.60

BSA 10-10
463
118.5
5.6
9.28
10.60



























[bookmark: _Toc479083426]Table 3.3: Experimental uncertainties for the test meassurements.
	Measurement
	Uncertainty 

	EINOx [g/kgfuel]
	0.6

	EICO  [g/kgfuel]
	0.2

	CO2 Concentration [%]
	1.7

	O2 Concentration [%]
	1.0

	CO Concentration [%]
	0.5

	CO Concentration [ppm]
	120

	NOx Concentration [ppm]
	57

	Temperature [K]
	26

	Soot Volume Fraction [ppm]
	 0.07





[bookmark: _Toc477421682][bookmark: _Toc479083427]Table 3.4 : List of instruments used in the experimental measurements.
Measurement
Instrument
Manufacturer
Model
Least Count
Notes
Flame imaging 
digital SLR  camera
Canon
EOS Rebel XT EF-S 18-55
N/A

Co-flow temperature                        [K]
K-type Thermocouple
Omega
N/A
0.1
 
Flame temperature                            [K]
R-type Thermocouple
Omega
N/A
0.1
0.2mm bead diameter
NOx concentration                       [ppm]
electrochemical Sensor  
NOVA
7466K
1
 
CO concentration                         [ppm]
electrochemical Sensor
NOVA
376WP
1
 
CO concentration                            [%]
electrochemical Sensor
NOVA
376WP
0.1
 
O2 concentration                              [%]
electrochemical Sensor
NOVA
7466K
0.1
 
CO2 concentration                           [%]
non-dispersive infrared detector
NOVA
7466K
0.1
 
Distance                                        [mm]
two-dimensional  traverse
Velmex
A1500
1
 
Laser Intensity                              [mW]
laser power detector
Coherent
Field Mate
0.01
5mW laser, λ=632.8nm 
Liquid Height                                         [cm]
water  U-tube manometer
Dyer
N/A
0.1  
 
















[bookmark: _Toc477421683][bookmark: _Toc479083428]Table 3.5: Rotameter manufacturer specifications.
Application
Rotameter
Tube
Float
Maximum Flow Rate (l/min)
Co-Flow Air
Ametek

42-J
565 (air)
Atomizing Air
Lo-Flo
SK 1/4"-27-G-5
Red Sapphire
20 (air)
Fuel
Lo-Flo
SK 1/8"-25-G-5
Black Glass
0.03 (water)
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[bookmark: _Toc480981622]
Figure 3.1: Schematic diagram of the combustion chamber.
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[bookmark: _Toc480981623]Figure 3.2: Photograph of the combustion chamber.
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[bookmark: _Toc480981624]Figure 3.3: Evaporation porous medium photograph. 
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[bookmark: _Toc480981625]Figure 3.4: Combustion porous media photograph.
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[bookmark: _Toc480981626]Figure 3.5: Schematic diagram of the porous media burner.
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[bookmark: _Toc480981627]Figure 3.6: Photograph diagram of the porous media burner.
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[bookmark: _Toc480981628]Figure 3.7: Photograph of the fuel atomizer nozzle, and spray.

[image: ]

[bookmark: _Toc480981629]Figure 3.8: Dimensions of the Delavan air blast atomizer.
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[bookmark: _Toc480981630]Figure 3.9: Schematic diagram of the global emissions measurement setup.
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[bookmark: _Toc480981631]Figure 3.10: Schematic diagram of the in-flame species concentration measurement setup.
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[bookmark: _Toc480981632]Figure 3.11: Schematic diagram of the in-flame temperature measurement setup.
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[bookmark: _Toc480981633]Figure 3.12: Photograph of the thermocouple bead used in the  in-flame temperature measurement setup.
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Figure 3.13: Schematic diagram of the axial soot volume fraction measurement setup.
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[bookmark: _Toc480981636]
Figure 3.14: Schematic diagram of the pressure drop across the porous media measurement setup.


[bookmark: _Toc477364938][bookmark: _Toc479081008]Chapter 4: Experimental Results & Discussion



The measured results are documented in the following chapter. Detailed descriptions of flame structure, global emissions, in-flame concentration profiles, in-flame temperature profiles, soot volume fraction, and porous media status before and after extended use are presented and discussed.  

[bookmark: _Toc477364939][bookmark: _Toc479081009]4.1 Flame Appearance and Flame Dimensions 
As described in the experimental procedure (chapter 3), the flame chamber was equipped with front and rear tempered glass windows to allow for flame visualization. A Canon EOS 350D digital camera was placed outside the laboratory chamber in which the flame chamber was located, 1 meter away from the flame axis in order to capture the entire flame height. Color photographs of the flames were taken for each fuel (Jet-A, SA 10, BSA 10-10) at each equivalence ratio (ϕ = 0.5, 0.6, 0.7) chosen for this study. The photographs were obtained with an exposure time of 0.2 seconds, which allowed for capturing an average image of the flames, and the original color of the flames. 

The photographs taken for the flames at an equivalence ratio 0.5 are presented in Figure 4.1. The recorded flames had low luminosity with a blue hue present immediately downstream of the porous media. The flames generated from the blended fuels presented a fainter and bluer plume compared to those with Jet-A fuel. This decrease in luminosity can be directly correlated to the increasing amount of oxygen present in the fuel molecules (0% by mass for Jet-A, 0.9% by mass for SA 10, and 3% by mass for BSA 10-10). The change in flame configuration evidences the effectiveness of fuel-bound oxygen in fuel oxidation.  The presence of molecular oxygen suppressed soot precursor formation significantly. 

The tallest flame for these combustion conditions was the Jet-A flame with height of 37 cm. The addition of SME to the fuel blend reduced the visible flame height to 35 cm, while the three component blend had the smallest flame with a visible height of 34 cm. The smallest height (BSA 10-10) can be attributed to the increased amount of fuel bound oxygen, as well as the low boiling point of butanol. 

A similar trend can be seen in the flames recorded at ϕ=0.6 which are presented in Figure 4.2. The flames had low luminosity and a blue hue immediately downstream of the porous media. For these combustion conditions also, the increase in molecule-bound oxygen concentration in the blends resulted in a reduction in  the luminosity of the flames, due to the  reduced  production of soot precursors. As a consequence, the blended fuel flames appeared bluer than Jet-A flames. The tallest flame for ϕ=0.6 was the Jet-A flame at a flame height of 42 cm. The combustion of SA 10 yielded a reduced visible flame height of 39 cm, while the three component blend presented the smallest flame with a visible height of 38 cm. The decrease in flame height is a result of the increased presence of oxygen in the fuel molecules.  The flame heights for all three fuels increased with the increase of equivalence ratio, due to the increased carbon input rate (Table 3.2). 

Finally, the photographs of flames at an equivalence ratio 0.7 are presented in Figure 4.3. The blue hue color of the flames suggests little or no soot formation. As with the flames of the previously described combustion conditions, blended fuels with increased content of molecular bound oxygen resulted in bluer flames. The flames were taller than those corresponding to the equivalence ratio of 0.6. The tallest flame corresponded to pure Jet-A with 47 cm, followed by SA 10 with 42 cm, and lastly the shortest flame height corresponded to the BSA 10-10 blend with 41 cm. 

[bookmark: _Toc477364940][bookmark: _Toc479081010]4.2 Global Emissions
[bookmark: _Toc477364941][bookmark: _Toc479081011]4.2.1 Emission Indices of Nitrogen Oxides (NOx)
The concentration of NOx [ppm] in the exhaust emissions was measured using the gas sample collected by the quartz probe and the NOVA 7466K gas analyzer described in Chapter 3. Emission indices, EINOx [gNOx/kgfuel], were then calculated from Equation 3.1 to quantify the amount of pollutant generated by a unit amount of fuel burned.  Figure 4.4 presents the calculated NOx emission indices for Jet-A, SA 10, and BSA 10-10 at equivalence ratios ϕ=0.5, 0.6, and 0.7.. The corresponding experimental uncertainty was found to be ±0.6 gNOx/kgfuel.

The results in Figure 4.4 showed that for this burner configuration, the NOx emission indices for all fuels studied varied non-monotonically with equivalence ratio. The NOx emission index reached a peak value at ϕ=0.6 for all fuels studied. The NOx emission indices for all flames were comparable at  a given equivalence ratio; at ϕ=0.6 all fuels yielded an EINOx of around 6 g/kgfuel (Jet-A = 6.69 g/kgfuel, SA 10 = 5.98 g/kgfuel, BSA 10-10 = 5.92 g/kgfuel). At the  equivalence ratio of 0.5, the NOx emission indices values were  again within experimental uncertainties of each other for all fuels at around 3.5 g/kgfuel; (Jet-A = 3.32 g/kgfuel, SA 10 = 4.11 g/kgfuel, BSA 10-10 = 3.66 g/kgfuel). Similarly, the measurements documented for equivalence ratio 0.7 did not show a significant difference among them; the average value for this condition was 3.4 g/kgfuel (Jet-A = 3.20 g/kgfuel, SA 10 = 2.90 g/kgfuel, BSA 10-10 = 3.96 g/kgfuel).

Periasamy (2007) investigated the effects porous media has on the combustion of kerosene, n-heptane, and methanol. Periasamy found that the presence of the porous media burner made EINOx variation insensitive to equivalence ratio between 0.4 and 0.7. Dahifale (2010) studied the combustion of blends of canola methyl ester and Jet-A in a porous media burner, similar to the present configuration. The author found that EINOx for the blends decreased monotonically with equivalence ratio between ϕ=0.73 and ϕ=0.96. At ϕ=0.96, the EINOx for the blends was, on average, 30% lower than the emission indices results measured at ϕ=0.73. This behavior is different from that observed in conventional combustor configurations in which the NOx emission index increases with equivalence ratio in the lean regime.  This non-monotonic behavior was attributed to the formation of locally rich regions due to the fuel vaporizing closer to the porous media. In addition it was noted that for ϕ=0.7 flames, a large fraction (40%) of the observable flame height was located outside the flame chamber. The unexpected decrease between ϕ=0.6 and ϕ=0.7 flames found in this study can be attributed to a combination of the effects described by Dahifale (2010), and effects of air entrainment on the reactions at the fractions of the ϕ=0.7 flames located outside the flame chamber.    

There are three major mechanisms that describe the formation of nitric oxides in combustion systems; thermal or Zeldovich mechanism, Fenimore or prompt mechanism, and N2O intermediate mechanism. The thermal mechanism describes the formation of NO in high temperature regions (typically above 1500 K) in combustion systems over a wide span of equivalence ratios. Thermal mechanism depends not only on high temperatures, but also the residence time of the reactants at the high temperature region. The prompt mechanism describes the formation of NO, and NO2 from the interaction of atmospheric nitrogen with CH radicals. Prompt mechanism is usually prevalent in fuel-rich systems. Lastly, the N2O intermediate mechanism describes the NO formation in fuel lean, low-temperature conditions (Periasamy, 2007). 
At the present conditions, it appears that the thermal mechanism was dominant.   This is discussed when comparing the emission indices to the in-flame peak temperatures (section 4.4), and in-flame NOx concentration (section 4.3.4). 



[bookmark: _Toc477364942][bookmark: _Toc479081012] 4.2.2 Emission Indices of Carbon Monoxide (CO) 
The concentration of CO in the exhaust [ppm] was obtained using the quartz probe described in Chapter 3, and a NOVA 376 WP analyzer. The emission indices, EICO, [gCO/kgfuel] were calculated using Equation 3.1. The EICO results for all fuel blends at all equivalence ratios studied are plotted in Figure 4. 5. The corresponding experimental uncertainty found for CO emission index was ±0.2 gCO/kgfuel.

The results displayed in Figure 4.5 show that CO emissions also reach a peak at ϕ=0.6, with a non-monotonic variation with equivalence ratio. For a given equivalence ratio, CO emission indices showed a slight peak for the SA 10 flames, EICO values for BSA 10-10 and Jet-A were comparable; the variation for any given equivalence ratio was within experimental uncertainty. At ϕ=0.5, all values for EICO were found to be around 4.0 gCO/kgfuel (Jet-A = 3.59 g/kgfuel, SA 10 = 4.44 g/kgfuel, BSA 10-10 = 3.62 g/kgfuel). When the equivalence ratio was increased to 0.6, the CO emission index values increased an average of 70%. The CO emission index for all three fuel blends peaked at equivalence ratio 0.6, and all were within uncertainty range around 6.0 gCO/kgfuel (Jet-A = 6.02 g/kgfuel, SA 10 = 6.38 g/kgfuel, BSA 10-10 = 5.59 g/kgfuel). At the highest equivalence ratio studied (ϕ=0.7) the values for EICO decreased around 20% with respect to those of ϕ=0.6. Similarly to the other results, the measurements for all fuel blends were comparable in size, all lying within uncertainty around 4.75 gCO/kgfuel  (Jet-A = 4.71 g/kgfuel, SA 10 = 5.17 g/kgfuel, BSA 10-10 = 4.51 g/kgfuel). 

Periasamy (2007) investigated the effect that porous media has on the combustion of kerosene, n-heptane, and methanol. Periasamy found that for the EICO of kerosene had a non-monotonic variation with respect to equivalence ratio, peaking at ϕ=0.55. Imran (2015) studied the emission characteristics of Jet-A/butanol in a porous media burner. The author concluded that the global emission index of CO decreased with an increase in concentration of butanol in the blends. Compared to Jet-A, the blend with highest content of butanol (70% Jet-A – 30% butanol) produced 30% less CO; in addition, the results showed an increase in EICO with equivalence ratio as a consequence of the increased carbon input rate. 

Carbon monoxide is usually the result of incomplete combustion (Baukal, 2013). In order to enhance reaction completion and lower CO emissions, combustion systems are operated at fuel lean conditions with premixed or partially premixed flames. Moreover, the addition of fuel bound oxygen to the blends would produce shorter oxidation times for the fuels, making for more complete combustion. 

The use of a porous media burner provides an environment which enhances mixing and vaporization, consequently improving the quality and completion of the combustion reaction, hence reducing CO emissions. The effect of the porous media burner can be clearly seen while comparing the emission indices calculated for this, and similar studies to those obtained on open flame studies. The magnitude of EICO for a porous media burner is often 60%-75% lower than the EICO measured for open flames, such was the case when compared to studies performed on open spray flames by Aldana et al. (2014) and Ratul (2012). 

In the case of the fuels studied here, the comparable values recorded can be attributed to the similar H/C ratio of the fuels. It can be observed that the effect molecular bound oxygen is compensated by the evaporation, and premixing enhancement propitiated by the porous media as the EICO of BSA 10-10 and Jet-A are almost equal in magnitude. The slight peak of emissions measured for SA 10 might be due to the chemical properties of the individual components of SME with higher H/C ratios. The unexpected CO emission decrease between ϕ=0.6, and ϕ=0.7, could be due to the fact that a large portion (about 40% of the flame height) of the ϕ=0.7 flames was located outside the flame chamber which increased the availability of oxygen in the reaction zone due to air entrainment. This behavior needs to be studied further with the entire flame entirely enclosed in order to completely understand it.

[bookmark: _Toc477364943][bookmark: _Toc479081013]4.2.3 Exhaust Concentration of Carbon Dioxide (CO2)
Measurements of exhaust carbon dioxide concentration were performed at the same point where NOx, and CO samples were taken. CO2 is one of the products of complete combustion, and values of CO2 amount closer to the value established by the complete reaction equation indicate a more complete use of energy contained in the fuel (Periasamy, 2007). 

Figure 4.6 shows the carbon dioxide concentration measured at the exhaust plotted against equivalence ratio for all fuel blends studied. The levels of CO2 were comparable across the different blend flames (3.75%). Previous studies such as those realized by Dahifale (2010) and Imran (2015) suggest that CO2 concentration levels would increase as the equivalence ratio increases due to an increased carbon input rate; however, there was no significant increase observed on the CO2 concentration with equivalence ratio; it is possible that the amount of air entrained after the combustion chamber masked the equivalence ratio variation. Flue concentration of CO2 was not expected to vary significantly between fuels, as their theoretical product mole fractions do not show a substantial variation. Tables 4.1 a-c show the complete combustion mole percentage of CO2 with moisture removed from the sample for all fuels at all equivalence ratios studied. The maximum value of CO2 concentration was 3.96% corresponding to SA 10, at ϕ=0.5; the minimum value corresponded to BSA 10-10 at ϕ= 0.7 (3.55%). The experimental uncertainty corresponding to CO2 concentration measurement based on the t-distribution assumption was ± 0.19%. 

[bookmark: _Toc477364944][bookmark: _Toc479081014]4.2.4 Exhaust Concentration of Oxygen (O2)
The same quartz probe used to measure the concentrations of NOx and CO coupled with a NOVA 376 WD was used to measure the O2 concentration [%] in the exhaust. Since the study is carried under lean combustion conditions, there is a finite amount of oxygen expected with the combustion products. Low Concentrations of O2 at the exhaust are evidence of a more complete combustion.
Figure 4.4 displays the concentration of O2 measured in the exhaust plotted against equivalence ratio, for all blends in the study. The concentrations measured in the exhaust showed that fuel composition, and the amount of fuel-bound oxygen present in the fuel did not have a significant impact on O2 consumption. The average concentration value for all fuel blends at all equivalence ratios was 15.4 %; the values for each fuel at each condition deviated within uncertainty range from the average value, with a maximum value of 15.67% corresponding to the BSA 10-10, ϕ=0.7 flame, and a minimum measured of 15.07%, for the BSA 10-10, ϕ=0.5 flame. The experimental uncertainty associated with these measurements was ±0.32%.. Like for CO2, O2 was not expected to substantially vary among fuels since the complete combustion values are comparable (Table 4.1a-c).  

[bookmark: _Toc477364945][bookmark: _Toc479081015]4.3 In-Flame Species Concentration Measurements
In-flame concentration radial profiles for O2, CO2, NOx, and CO were created by inserting a quartz sampling probe to measure the local species concentrations and traversing it along the diameter at three different axial locations (25%, 50%, 75% height of the visible flame) for all fuels (Jet-A, SA 10, BSA 10-10) at each equivalence ratio (ϕ=0.5, 0.6, 0.7). As described in Chapter 3, a 1 mm diameter aperture tapered quartz probe was used to collect gas samples inside the flame. The sampling probe was mounted on a two-dimensional traverse and data were collected at 2 mm intervals across the entire width of the flame. The sample was then treated using an ice bath condenser to remove moisture from the exhaust gas sample and a particle filter to trap solid particles before reaching   the 376 WP NOVA gas analyzer.  
[bookmark: _Toc477364946][bookmark: _Toc479081016]4.4.1 O2 In-Flame Concentration Profiles
The concentration values for O2 for each fuel are plotted against radial distance [mm] at every axial location measured in Figures 4.8-4.16. The experimental uncertainty associated with the measurements was 1.2% and it is presented as error bars in the figures.

Oxygen concentration reached a minimum at the centerline of the flame with lower concentrations measured at higher equivalence ratios (0% for the ϕ=0.6, and ϕ=0.7, and 2% for the ϕ=0.5 flame). It is evident from the in-flame profiles concentrations that with an increased fuel flow rates (ϕ=0.6, ϕ=0.7) more of the oxygen present was being consumed by the reactions in the near-burner region.  

Overall in the BSA 10-10 flame, concentrations of oxygen were consistently higher than those of Jet-A and SA 10 flames; this effect resulted as a consequence of BSA 10-10 having a much higher concentration of fuel-bound oxygen which reduces the consumption of free oxygen in the reaction due to the preliminary oxidation of the fuel. Oxygen concentration levels increased as the flame height increased; the increase in concentration was especially noticeable at 75% flame height as two out of three flames extended outside of the flame chamber, which allowed for a more vigorous air entrainment. 


[bookmark: _Toc477364947][bookmark: _Toc479081017]4.4.2 CO2 In-Flame Concentration Profiles
The concentration values for CO2 for each fuel are plotted against radial distance at every axial location measured in Figures 4.17-4.25. The experimental uncertainty associated with the measurements was 1.2% and it is presented as error bars in the figures.

For an equivalence ratio 0.5, the carbon dioxide concentrations for all flames were comparable; all peaked close to the centerline at about 13%; the concentration profiles did not vary significantly as the flame height at which they were measured increased. This behavior is different from that observed in spray flames without porous media, in which the reaction zone is located off-axis in the near-burner region.  CO2 emissions profiles peaks corresponded to the O2 emission profiles minimum values. At ϕ=0.6 the concentration profiles look very similar to those found at ϕ=0.5. The peaks were still located close to the axis of the flame, and the maximum value increased to 14%. 

The peaks at ϕ=0.7 did not differ in magnitude to those found for lower equivalence ratios; however their locations shifted radially outward between 8 mm and 12 mm. The shift in the peak positions is probably due to the limited amount of oxygen inside the flame cone and the need of entrained air to complete the oxidation of CO at the outside cone flame front.  


[bookmark: _Toc477364948][bookmark: _Toc479081018]4.4.4 CO In-Flame Concentration Profiles 
Carbon monoxide formation mechanisms are determined by the amount of oxygen available during the reaction, at lean conditions CO concentrations are expected to be low, however they are expected to be found at the location of the reaction, since CO is an intermediary species in the formation of CO2. The CO gas concentration profiles for all flames, measured at 25%, 50%, and 75% flame height for each equivalence ratio are presented in figures 4.26-4.34. 

At equivalence ratio 0.5 and 25% flame height the peak concentrations of all flames are comparable. The peak concentration of around 1% is found to occur close to the centerline of the flame. At larger flame lengths (50%, 75%) the CO concentrations were lower than 1% indicating that most carbon had been fully oxidized by that point. 

At ϕ=0.6, similar profiles are observed throughout the flame, the higher concentrations were found closer to the porous media, and they decreased to almost zero in the downstream sections of the flame. The peaks at all flame heights were comparable for all fuel blends, throughout all flame heights. At 25% the peak was found to be around 4% and it was located close to the axis of the flame. At 50% and 75% the peak concentrations were measured to be lower than 1% for all the flames. 


For the conditions given at equivalence ratio 0.7, the peak concentrations were comparable for all fuel blend flames, and the concentrations were found to peak at around 6%. For 50% flame height, the peaks for SA 10, and BSA 10-10 were found to be close to 6%, whereas that of Jet-A increased to almost 8%. The same trend was found at 75% percent, with the only difference that the BSA 10-10 peak concentration reduced to 3%. In contrast to previous equivalence ratios, at ϕ=0.7 the peak concentrations did not decrease significantly with flame height, this phenomenon has to be studied further in order to determine the observed trend. 

[bookmark: _Toc477364949][bookmark: _Toc479081019]4.4.3 NOx In-Flame Concentration Profiles 
The NOx gas concentration profiles for all flames, measured at 25%, 50%, and 75% flame height for each equivalence ratio are presented in figures 4.35-4.43. For ϕ=0.5 at 25% flame height the peak NOx concentration peak (400) was located close to the axis. At 50% flame height the peak concentration was still close to the axis; the peak concentration of NOx in all Jet-A and BSA 10-10 flames increased by about 50 ppm, and that for SA 10 increased up to 600 ppm. The NOx profile for SA 10 was consistently higher than those of Jet-A and BSA 10-10 at this height. As the measurements were taken at 75% flame height, the NOx profile shifted higher for all fuels; however, the emissions for SA 10 were still evidently higher than those of Jet-A and BSA 10-10.  

For an equivalence ratio of 0.6, the peak concentrations were located close to the axis, and were about 100 ppm higher than the peak concentrations found in the ϕ=0.5 flames. At 25% flame height, the SA 10 flame had a higher peak (700 ppm) than those of Jet-A and BSA 10-10 (both at about 450 ppm). At 50% flame height SA 10 peak reduced (600 ppm) but it was still consistently higher than the peaks of the other two fuels, despite the peak of BSA 10-10 being higher at this flame height than at 25% height (500 ppm). At 75% flame height the same trend as in 50% height is observed with a slight increase in peak values. 

At ϕ=0.7, the NOx concentration peaks shifted about 10 mm outwards, this effect possibly due to less oxygen availability of oxygen in the center of the flame, and more availability on the outside flame. The peaks at 25% height were comparable for all flames at about 300 ppm. At 50% of the flame height, there was a significant increase in the NOx concentration observed from the SA 10 flame of about 100 ppm while the other two flames kept a concentration similar to that of 25% flame height. At 75% flame height, the peak of BSA 10-10 flame remained about the same magnitude as that found in 50% flame height whereas the peak corresponding to the  SA 10 flame decreased from 400 ppm to 300 ppm, and that of Jet-A from 300 to about 200.

Peak NOx concentration values at 75% percent flame height showed a similar variation to that found for the EINOx results, hence the inflame measurements are in agreement with the global emission results. The measured NOx profiles have a strong correlation to the in-flame temperature profiles, which supports the claim that the thermal mechanism dominates NOx formation at these conditions. Zeldovich mechanism is prevalent at lean combustion conditions when the temperatures are greater than 1500 K (Turns, 2011). 

[bookmark: _Toc477364950][bookmark: _Toc479081020]4.4 In-Flame Temperature Measurements 
In-flame temperature radial profiles were created by measuring local temperature along a diameter at three different axial locations (25%, 50%, 75% height of the visible flame) for all fuels (Jet-A, SA 10, BSA 10-10), and at each equivalence ratio (ϕ=0.5, 0.6, 0.7). As described in Chapter 3, a silica-coated R-type thermocouple with a bead of 0.2 mm diameter was used to collect the temperature data in the flame with a data acquisition system. The thermocouple was mounted to a two-dimensional traverse and data were collected at 2 mm radial intervals across the entire span of the flame. The temperatures recorded by the thermocouple were corrected to account for radiation and conduction heat losses at the flame-bead interface; the methodology for this correction is described in Appendix B.3. The corrected values for temperature [K] for each fuel are plotted against radial distance [mm] at every axial location measured in Figures 4.44-4.52. The experimental uncertainty associated with the measurements was ±26 K. 

Flame peak temperatures for all flames were found close to the centerline at 25% flame height, which suggests that the diffusion controlled interface combustion was not dominant, and that the reactants were in a premixed burning condition. Also, higher temperatures were expected closer to the porous media surface where the reaction zone was presumed to stabilize. The peak temperature measured at an equivalence ratio ϕ=0.5 was 1726 K corresponding to the Jet-A flame, for ϕ= 0.6 it was 1828 K corresponding to the SA 10 flame, and for ϕ= 0.7 it was 1758 K corresponding to the BSA 10-10 flame. The flame temperatures at each location and the peak temperatures for a given equivalence ratio did not vary more than 100 K between the three fuels. The measured peak temperatures agree with the calculated adiabatic flame temperatures for all three flames. Adiabatic temperatures displayed minimal difference for a given equivalence ratio (less than 15 K). Table 4.2 displays a comparison between the peak temperatures measured, and the calculated adiabatic flame temperatures. Adiabatic flame temperatures were calculated at the experimental conditions (T=463 K, and P=101 kPa) using the method described in Appendix B.4.

In-flame temperature profiles were practically uniform throughout the span of the flame, giving clear evidence of the enhanced mixing due to the presence of the porous media. It was observed that at higher flame locations, the temperature gradient near the axis was higher, due to mixing with surrounding air. 

According to the study by Barajas (2009) on a similar setup, pure SME flames had a peak temperature 8% smaller than that of Jet-A flames. The results found in the study suggest that the blends between SME and Jet-A would not yield a peak temperature that exceeds 8% difference. In another study, Imran (2015) concluded that the blends of Jet-A and butanol yielded lower peak temperatures compared to that of Jet-A as the concentration of butanol in the blends increased. The highest difference from Jet-A flame (12%) found by that author was measured with a 70% Jet-A – 30% butanol blend.

The results found for the SA-10 and BSA 10-10 flames agree with the studies mentioned previously; the maximum variation among the three blends studied did not exceed 5% at any equivalence ratio. These results are expected as the adiabatic flame temperatures calculated also show a minimal (< 3%) variation among them. 

Peak temperatures measured in the porous media burner flames were slightly lower (difference less than 100 K) than those measured for open spray flames by Ratul et al. (2012), and Aldana (2010) probably due to heat transfer between the flame and the porous media; however spray flames showed a diffusion temperature profile with temperature peaks away from the flame axis, and lacked the uniformity of the porous media burner temperature profiles. 

[bookmark: _Toc477364951][bookmark: _Toc479081021]4.5 Soot Volume Fraction 
Soot is mainly composed of carbon solid particles formed from the incomplete combustion of hydrocarbons. Incandescent soot particles within a flame are responsible for the flame’s luminosity, as well as most of the heat loss due to radiation; soot particles radiate with peak wavelengths located in the infrared region of the spectrum. (Turns, 2011). As described in the experimental procedures (chapter 3) the path integrated soot volume fraction was determined by measuring the difference of laser beam intensity with and without the presence of a flame.   

From studies such as Ratul et al. (2012), Aldana (2010), and Imran (2015), it was expected that the soot volume fraction increased with equivalence ratio, as the availability of free oxygen decreased. A sharp decrease in soot formation was also expected when using fuel blends with higher molecular-bound oxygen concentration as the soot precursor production was limited by a more effective and faster fuel oxidization mechanism due to the presence of oxygen in the fuel molecules. 

Soot volume fraction measurements performed on the flames studied in the current project yielded 0 ppm of soot in the flames for most cases, or quantities that were not able to be resolved from experimental uncertainty (for this experiment, uncertainty corresponded to 0.07 ppm. The minimal formation of soot directly agrees with what is seen in the physical appearance of the flames (Figures 4.1-4.3) as all of them have low luminosities, exhibit a blue hue on the entirety of the flame, and lack the luminous yellow hues characteristic of radiating soot.

Open spray flame studies such as those performed by Aldana (2010), who performed flame characterization studies of open spray flames using diesel and its blends with CME, and SME, and Ratul (2013), who performed a similar study using Jet-A/butanol blends, produced large quantities of soot as observed form the flame appearance. The spray flames documented by the authors were yellow, and luminous; Open spray flames are dominated by the atomization and the evaporation rate of the droplets, in addition, diffusion flame front effects heavily affect the reaction mechanisms that allow the formation of soot particles in the flame. The physical appearance of these flames can be attributed to soot presence, as incandescent soot within a flame is the primary source of this type of flames’ luminosity and color (Turns, 2011). Aldana (2010) determined that blends with higher biodiesel content produced less soot, attributing the effect to the increased concentration of fuel bound oxygen. Ratul (2013) reported a similar trend when the content of butanol was increased in the blends, this effect can also be attributed to the increase in molecule bound oxygen, as well as the lower H/C ratio of butanol compared to Jet-A. From these studies it can be concluded that the increased concentration of molecular bound oxygen effectively reduces soot production in a flame. 

Imran (2015) performed a similar study using Jet-A/butanol blends on a spray flame with a porous media burner. The flames have lower luminosity than the ones produced in an open spray burner, which is already an indicator of different combustion mechanisms. While using a porous media burner, the fuel is fully evaporated, and partially premixed at the time of the reaction, which suppresses the diffusion effects seen on spray flames, hence limiting soot production. Soot concentration found by Imran (2015) show lower soot concentrations than the concentrations measured using open spray flames, suggesting the effectiveness of porous media burners on reducing soot formation. Additionally, soot concentration decreased with increasing concentration of butanol in the blends agreeing with previously published results
In conclusion, several factors drive the formation of soot in a flame, most of which are suppressed by the combustion technique, and the blends used for this study. The use of a two-phase porous media combustor enhances evaporation and mixing, which as a result leads to a complete homogeneous partially premixed reaction downstream of the porous media. 

Lean combustion conditions paired with improved mixing mechanisms allow free oxygen to become more readily available to the already evaporated fuel, which in turn suppress soot precursors formation. Additionally, in the case of SA 10, and BSA 10-10 the presence of fuel-bound oxygen increases the effectiveness of fuel oxidation mechanisms, as a result shorter, less luminous flames are formed.  
The method described by Yagi and Iino (1962) is still a valid method to measure soot volume fraction, in order to attest to its validity the soot volume fraction at 60% flame height was meassured for a Jet-A flame at equivalence ratios 1.0 and 1.2. The ϕ=1.0 yielded a soot volume fraction of 0.096 ppm, while the ϕ=1.2 flame yielded 0.110 ppm. An extensive description of these measurements is provided in Appendix B.5.        




[bookmark: _Toc477364952][bookmark: _Toc479081022]4.6 Pressure Drop across the Porous Media 
The pressure drop across each individual porous medium was documented for a new set of porous media (EPM and CPM) prior to any experiments. Measurements were repeated after 100 hours of operation to account for the degradation suffered by the porous media due to the interaction with the fuels after. After the measurements, pressurized air was blown into the porous media with the intention of reducing pore blockage. The pressure drop across the porous media was documented after this was performed.

The results for the pressure drop across the PM are displayed in Figure 4.53. The pressure drop across the new evaporation porous medium was found to be 105 Pa. After 100 hours of operation, the pressure drop across the EPM increased by 56% to a value of 164 Pa. The increase of pressure drop across the EPM is the result of pores becoming clogged due to the contact with liquid fuel, and solid residues accumulation. Solid residues were especially noticeable in the blends that contained SME presumably because of the components of SME with higher boiling points. After blasting air through the porous media the pressure drop across the EPM was reduced to 140 Pa (16% less than the value recorded after 100 hours of operation).

The pressure drop across the new combustion porous medium was found to be 34 Pa. After 100 hours of operation, the pressure drop increased by 6% to a value of 36 Pa. CPM pores are relatively large which made clogging much more difficult, additionally, most of the fuel passing through the CPM was already vaporized, which allowed for little or no residues to deposit on the CPM. The pressure drop for the CPM remained unaffected after the maintenance procedure.  

Considering the operational parameters of the burner, the difference generated by degradation of the porous media is negligible. In conclusion, the use of blends in a similar burner does not represent any major change in performance.

Barajas (2009) performed a similar study in order to determine the effects of solid deposits and pore blockage on the porous media due to the combustion of biofuels-Jet-A blends. Barajas found that after 14 hours of operation the combined pressure drop of the porous media (Pressure EPM + Pressure CPM) increasead 45% on average across three different flow rates (8.1 l/min, 14.6 l/min, 21.2 l\min). The author atributed the increase of pressure drop to the accumulation of solid residues, and the blockage of pores. 

Imran (2015) investigated the effects of Jet-A-butanol blends on the porous media after 20 hours of operation at a flow rate of 21.2 l/min. The author found that the pressue drop across the EPM increased by 21% (an increase of 8 Pa), and the CPM pressure drop increased from 2 Pa to 4 Pa. 

[bookmark: _Toc479083429]
Table 4.1a: Mole percentage for the dry products of the complete combustion of Jet-A at ϕ=0.5, ϕ=0.6, and ϕ=0.7 at ϕ=1.0 
	φ
	CO2
	N2
	O2

	0.5
	7.53
	81.62
	10.85

	0.6
	9.09
	82.17
	8.74

	0.7
	10.68
	82.72
	6.60

	1.0
	15.57
	84.43
	0.00






[bookmark: _Toc479083430]Table 4.1b: Mole percentage for the dry products of the complete combustion of SA 10 at ϕ=0.5, ϕ=0.6, and ϕ=0.7 at ϕ=1.0 
	φ
	CO2
	N2
	O2

	0.5
	7.54
	81.61
	10.85

	0.6
	9.11
	82.15
	8.74

	0.7
	10.71
	82.75
	6.55

	1.0
	15.60
	84.40
	0.00





[bookmark: _Toc479083431]Table 4.1c: Mole percentage for the dry products of the complete combustion of BSA 10-10 at ϕ=0.5, ϕ=0.6, and ϕ=0.7 at ϕ=1.0 
	φ
	CO2
	N2
	O2

	0.5
	7.52
	81.63
	10.85

	0.6
	9.08
	82.17
	8.74

	0.7
	10.69
	82.86
	6.45

	1.0
	15.56
	84.44
	0.00















[bookmark: _Toc479083432]Table 4.2: Calculated adiabatic flame temperature and peak in flame temperature for the blends at ϕ=0.5, ϕ=0.6, and at ϕ=0.7 with the initial reactant temperature of 463 K.
	Fuel 
	Jet-A
	SA 10 
	BSA 10-10

	Adiabatic Flame Temperature (463 K) [K]
	2618
	2612
	2624

	Peak In-Flame Temperature ϕ=0.5  [K]
	1726
	1725
	1719

	Peak In-Flame Temperature ϕ=0.6  [K]
	1759
	1828
	1764

	Peak In-Flame Temperature  ϕ=0.7  [K]
	1673
	1751
	1758
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[bookmark: _Toc480981637]Figure 4.1: Photographs of flames at ϕ=0.5 (exposure time of 0.2 second).
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[bookmark: _Toc480981638]Figure 4.2: Photographs of flames at ϕ=0.6 (exposure time of 0.2 second).
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[bookmark: _Toc480981639]Figure 4.3: Photographs of flames at ϕ=0.7 (exposure time of 0.2 second).




[bookmark: _Toc480981640]Figure 4.4: NOx global emission indices for all flames for each equivalence ratio.




[bookmark: _Toc480981641]Figure 4.5: CO global emission indices for all flames for each equivalence ratio.





[bookmark: _Toc480981642]Figure 4.6: CO2 global emission concentration for all flames for each equivalence ratio.




[bookmark: _Toc480981643]Figure 4.7: O2 global emission concentration for all flames for each equivalence ratio.



[bookmark: _Toc480981644]Figure 4.8: Radial in-flame O2 concentration profiles at ϕ=0.5 and  25% flame height.

[bookmark: _Toc480981645]
Figure 4.9: Radial in-flame O2 concentration profiles at ϕ=0.5 and  50% flame height.



[bookmark: _Toc480981646]Figure 4.10: Radial in-flame O2 concentration profiles at ϕ=0.5 and  75% flame height.


[bookmark: _Toc480981647]Figure 4.11: Radial in-flame O2 concentration profiles at ϕ=0.6 and  25% flame height.



[bookmark: _Toc480981648]Figure 4.12: Radial in-flame O2 concentration profiles at ϕ=0.6 and  50% flame height.


[bookmark: _Toc480981649]Figure 4.13: Radial in-flame O2 concentration profiles at ϕ=0.6 and  75% flame height.



[bookmark: _Toc480981650]Figure 4.14: Radial in-flame O2 concentration profiles at ϕ=0.7 and  25% flame height.


[bookmark: _Toc480981651]Figure 4.15: Radial in-flame O2 concentration profiles at ϕ=0.7 and  50% flame height.



[bookmark: _Toc480981652]Figure 4.16: Radial in-flame O2 concentration profiles at ϕ=0.7 and  75% flame height.



[bookmark: _Toc480981653]Figure 4.17: Radial in-flame CO2 concentration profiles at ϕ=0.5 and  25% flame height.


[bookmark: _Toc480981654]Figure 4.18: Radial in-flame CO2 concentration profiles at ϕ=0.5 and  50% flame height.



[bookmark: _Toc480981655]Figure 4.19: Radial in-flame CO2 concentration profiles at ϕ=0.5 and  75% flame height.


[bookmark: _Toc480981656]Figure 4.20: Radial in-flame CO2 concentration profiles at ϕ=0.6 and  25% flame height.



[bookmark: _Toc480981657]Figure 4.21: Radial in-flame CO2 concentration profiles at ϕ=0.6 and  50% flame height.


[bookmark: _Toc480981658]Figure 4.22: Radial in-flame CO2 concentration profiles at ϕ=0.6 and  75% flame height.



[bookmark: _Toc480981659]Figure 4.23: Radial in-flame CO2 concentration profiles at ϕ=0.7 and  25% flame height.


[bookmark: _Toc480981660]Figure 4.24: Radial in-flame CO2 concentration profiles at ϕ=0.7 and  50% flame height.



[bookmark: _Toc480981661]Figure 4.25: Radial in-flame CO2 concentration profiles at ϕ=0.7 and  75% flame height.



[bookmark: _Toc480981662]Figure 4.26: Radial in-flame CO concentration [ppm] profiles at ϕ=0.5 and  25% flame height.

[bookmark: _Toc480981663]Figure 4.27: Radial in-flame CO concentration [ppm] profiles at ϕ=0.5 and  50% flame height.

[bookmark: _Toc480981664]Figure 4.28: Radial in-flame CO concentration [ppm] profiles at ϕ=0.5 and  75% flame height.

[bookmark: _Toc480981665]Figure 4.29: Radial in-flame CO concentration [%] profiles at ϕ=0.6 and  25% flame height.

[bookmark: _Toc480981666]Figure 4.30: Radial in-flame CO [ppm] concentration profiles at ϕ=0.6 and  50% flame height.

[bookmark: _Toc480981667]Figure 4.31: Radial in-flame CO [ppm] concentration profiles at ϕ=0.6 and  75% flame height.

[bookmark: _Toc480981668]Figure 4.32: Radial in-flame CO concentration[%] profiles at ϕ=0.7 and  25% flame height.

[bookmark: _Toc480981669]Figure 4.33: Radial in-flame CO concentration [%] profiles at ϕ=0.7 and  50% flame height.

[bookmark: _Toc480981670]Figure 4.34: Radial in-flame CO concentration [%] profiles at ϕ=0.7 and  75% flame height.



[bookmark: _Toc480981671]Figure 4.35: Radial in-flame NOx concentration profiles at ϕ=0.5 and  25% flame height.


[bookmark: _Toc480981672]Figure 4.36: Radial in-flame NOx concentration profiles at ϕ=0.5 and  50% flame height.



[bookmark: _Toc480981673]Figure 4.37: Radial in-flame NOx concentration profiles at ϕ=0.5 and  75% flame height.


[bookmark: _Toc480981674]Figure 4.38: Radial in-flame NOx concentration profiles at ϕ=0.6 and  25% flame height.



[bookmark: _Toc480981675]Figure 4.39: Radial in-flame NOx concentration profiles at ϕ=0.6 and  50% flame height.


[bookmark: _Toc480981676]Figure 4.40: Radial in-flame NOx concentration profiles at ϕ=0.6 and  75% flame height.



[bookmark: _Toc480981677]Figure 4.41: Radial in-flame NOx concentration profiles at ϕ=0.7 and  25% flame height.


[bookmark: _Toc480981678]Figure 4.42: Radial in-flame NOx concentration profiles at ϕ=0.7 and  50% flame height.



[bookmark: _Toc480981679]Figure 4.43: Radial in-flame NOx concentration profiles at ϕ=0.7 and  75% flame height.



[bookmark: _Toc480981680]Figure 4.44: In-flame temperature radial profiles at ϕ=0.5 and 25% flame height.


[bookmark: _Toc480981681]Figure 4.45: In-flame temperature radial profiles at ϕ=0.5 and 50% flame height.



[bookmark: _Toc480981682]Figure 4.46: In-flame temperature radial profiles at ϕ=0.5 and 75% flame height.


[bookmark: _Toc480981683]Figure 4.47: In-flame temperature radial profiles at ϕ=0.6 and 25% flame height.













[bookmark: _Toc480981684]Figure 4.48: In-flame temperature radial profiles at ϕ=0.6 and 50% flame height.












[bookmark: _Toc480981685]Figure 4.49: In-flame temperature radial profiles at ϕ=0.6 and 75% flame height.



[bookmark: _Toc480981686]Figure 4.50: In-flame temperature radial profiles at ϕ=0.7 and 25% flame height.


[bookmark: _Toc480981687]Figure 4.51: In-flame temperature radial profiles at ϕ=0.7 and 50% flame height.



[bookmark: _Toc480981688]Figure 4.52: In-flame temperature radial profiles at ϕ=0.7 and 75% flame height.









[bookmark: _Toc480981689]Figure 4.53: Pressure drop across porous media using new PM, after 100 hours of use, and after air blast maintenance


[bookmark: _Toc477364953][bookmark: _Toc479081023]Chapter 5: Summary and Conclusions 


In summary, the combustion characteristics and behavior were studied for nine different flames. The flames were studied at three different lean equivalence ratios (ϕ= 0.5, 0.6, 0.7), and the fuels used for the present study were pure Jet-A, SA 10 (Jet-A 90% - SME 10%), and a three component fuel BSA 10-10 (Jet-A 80% - SME 10% - butanol 10%). Flame appearance, visible flame height, global emissions indices for CO, and NOx, radial in-flame temperature profiles, radial in-flame species concentration profiles, and soot volume fraction at the centerline were measured and documented to comprehensively analyze the flame characteristics. A final assessment on the porous media status was carried out in order to measure the impact of the blends combustion on the blockage of porous media burner. 


[bookmark: _Toc477364954][bookmark: _Toc479081024]5.1 Conclusions
Based on the measured results the following can be concluded:
1. The flames generated in the porous media burner were all non-luminous, and blue in appearance. This effect is due the lean combustion conditions, enhanced evaporation of the reactants, and mixing mechanisms attributed to the porous media. The presence of fuel-bound oxygen in the blend affected the luminosity and visible height of the flames. As the amount of molecular-bound O2 increased in the blend, the flames were less luminous and shorter, indicating a faster oxidization of the fuel. Axial measurements of soot volume fraction confirmed these claims as the measured results yielded zero ppm of soot, or amounts smaller than the calculated uncertainty.

2. The emission indices of NOx, were comparable for the all the fuel blends at a given equivalence ratio. Peak emission index for NOx were found to occur at ϕ= 0.6. It can be concluded that the thermal NOx formation mechanism is the dominant mechanism in all cases studied since the highest peak in-flame temperatures for all fuels were recorded at ϕ=0.6. Additionally, the in-flame concentration profiles of NOx were similar to those of in-flame temperature highlighting the relationship between the two. The NOx emission indices found during this study suggest that EINOx for porous media burner are comparable or lower than those measured at open spray flames, and open flames.

3. In-flame peak temperatures were found to be the highest at 25% flame height for all flames at all conditions. This suggests that the reaction stabilized close to the downstream surface of the porous media. Radial in flame temperature profiles were mostly uniform as a consequence of the enhanced mixing, and homogeneous reaction produced by the presence of the porous media. Peak temperatures were similar for all flames, at all conditions, on every flame height recorded, which  was expected since the adiabatic flame temperatures of the blends do not vary more than 1% between each other. 

4. The emission indices of CO, were comparable for the all the fuel blends at any given equivalence ratio. Peak emission index for CO were found to occur at ϕ= 0.6. CO in-flame concentration values corresponded to CO2 concentration values suggesting that all carbon was present in either form. CO emission indices were significantly lower than those of open spray flames, and open flames which demonstrate the effects of the porous media burner in suppressing CO emissions. The relationship between EICO and equivalence ratio has to be further studied in order to fully comprehend the observed behavior. 





5. After 100 hours of testing the pressure drop across the EPM increased by 59 Pa, while pressure drop increased 2 Pa for the CPM. Porous media degradation was mainly due to solid residues depositing on the PM, which caused pore blockages, and clogging. Blasting pressurized air through the porous media was found to be an effective way to give maintenance to the PM. After the procedure pressure drop of the EPM improved by 16%. 

[bookmark: _Toc477364955][bookmark: _Toc479081025]5.2 Recommendation for Future Studies
The use of porous media burner technology, paired with the combustion of ternary blends offers a high potential in the use of alternative energy sources. Based on the experience gained on this study research on this field can be further extended by considering different combination of testing conditions. 

Varying the parameters that were kept constant such as co-flow temperature, total air flow rate, velocity at the spray, among others, may give an insight on how the conditions affect the combustion characteristics of the fuels being tested. Ambient and injection conditions might have significant effects on the overall combustion characteristics of the blends used. Additionally it is necessary to modify the setup by expanding the length of the flame chamber in order to prevent air entrainment on the study of longer flames. 

Changing the porous media characteristics can expand the understanding of this technology. Studying the effects of thickness of each of the porous matrices, the material composition, pore density, and even the type of porous media used (honeycombs, beads, lattices, etc.), would give a deep understanding on the effect that the design of the burner has on combustion. 

Varying the flame stabilization region presents an interesting study. Documenting the emissions, and performance of flame stabilized inside the porous media would give insights into the optimal flame configuration for a variety of applications, including those exclusive to inside flames such as thermophotovoltaic, and thermoelectrical energy generation. 

Finally, it is necessary to explore the behavior of different ternary blends. Changing the biodiesel feedstock, or altering the composition ratios of the blend, will significantly alter the amount of fuel-bound oxygen. It is clear that molecular-bound oxygen has an effect on the flame characteristics; having a wider sample would give a better understanding on the effects that oxygen content has on combustion characteristics.  
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[bookmark: _Toc477364958][bookmark: _Toc479081028]A.1 Rotameter Calibration for Jet-A
Rotameter: Ametek Lo-Flo
Tube: SK 1/8”-25-G-5 
Float: Black Glass 
[bookmark: _Toc479083433]Table A.1: Rotameter calibration values for Jet-A.
	Rotameter Scale 
	Flow Rate (ml/min)

	1
	0.38

	2
	2.24

	3
	3.71

	4
	7.65

	5
	13.40

	6
	20.44

	7
	27.71

	8
	33.81

	9
	40.75

	10
	45.30




[bookmark: _Toc480981690]Figure A1: Rotameter calibration curve for Jet-A.

[bookmark: _Toc477364959][bookmark: _Toc479081029]A.2 Rotameter Calibration for SA 10
Rotameter: Ametek Lo-Flo
Tube: SK 1/8”-25-G-5 
Float: Black Glass 

[bookmark: _Toc479083434]Table A.2: Rotameter calibration values for SA 10.
	Rotameter Scale 
	Flow Rate (ml/min)

	1
	0.31

	2
	1.70

	3
	3.31

	4
	6.60

	5
	11.30

	6
	18.24

	7
	23.79

	8
	31.47

	9
	38.97

	10
	41.30






[bookmark: _Toc480981691]Figure A1: Rotameter calibration curve for SA 10.
	
[bookmark: _Toc477364960][bookmark: _Toc479081030]A.3 Rotameter Calibration for BSA 10-10
Rotameter: Ametek Lo-Flo
Tube: SK 1/8”-25-G-5 
Float: Black Glass 

[bookmark: _Toc479083435]Table A.3: Rotameter calibration values for BSA 10-10.
	Rotameter Scale 
	Flow Rate (ml/min)

	1
	0.42

	2
	1.76

	3
	3.25

	4
	6.52

	5
	11.36

	6
	18.03

	7
	24.86

	8
	31.49

	9
	38.13

	10
	41.66






[bookmark: _Toc480981692]Figure A3: Rotameter calibration curve for BSA 10-10.


[bookmark: _Toc477364961][bookmark: _Toc479081031]Appendix B: Sample Calculations 


[bookmark: _Toc477364962][bookmark: _Toc479081032]B.1 Stoichiometric Combustion Calculations
B.1.1 Jet-A
The stoichiometric combustion of Jet-A (C13H23) is given as:

With a stoichiometric air-to-fuel ratio, A/F, of:



For Jet-A, a has a value of 18.75, which yields a A/Fstoic of 14.38.

B.1.2 SA 10 
The stoichiometric combustion of SA 10 (C13.41H23.81O0.14) is given as:


With a stoichiometric A/F of:



For Jet-A, a has a value of 19.29, which yields a A/Fstoic of 14.17.

B.1.3 BSA 10-10
The stoichiometric combustion of BSA 10-10(C11.3H20.8O0.3) is given as:


With a stoichiometric A/F of:



For Jet-A, a has a value of 16.4, which yields a A/Fstoic of 13.85.


[bookmark: _Toc477364963][bookmark: _Toc479081033]B.2 Emission Index and Uncertainty Sample Calculation
The calculation of the emission index is an effective method to account for the dilution of the species being measured from the ambient air entrainment (Turns, 2011). Emission index expresses the amount of pollutant formed per unit mass of fuel burnt [gspecies/kgfuel]. Emission index is calculated as follows: 

                                           (B1)

Where EIi, is the emission index for the species being recorded in [gspecies/kgfuel], Xi is the mole fraction of the species being measured, XCO , and XCO2 are the mole fractions of carbon monoxide, and carbon dioxide respectively, x is the number of moles of carbon in a mole of fuel, MWi [g/mol], and MWF [kg/kmol] are the molar weights of the measured species and the fuel, respectively.

The following example on EINOx calculation corresponds to data measured for a BSA 10-10 flame at ϕ=0.6. 

The average concentration values after three independent measurements are given in Table B.1
[bookmark: _Toc479083436]
Table B.1: Average concentration values for global emissions measurements for BSA 10-10 at ϕ=0.6
	O2  (%)
	15.3

	CO2 (%)
	3.8

	CO (PPM)
	107.7

	NOx (PPM)
	106.3



For BSA 10-10, the amount of carbon moles per mole of fuel (x) was 11.3, and the molecular weight of the fuel (MWf) was 162.73 kg/kmol. 
MWNOx was taken as 30 kg/kmol, MWCO as 28 kg/kmol, and MWCO2 as 44 kg/kmol.
Then, EINOx can be calculated as: 





Uncertainty for the measurements was calculated accounting for precision or random error (P), and biased or fixed error (B). Precision error was statistically determined based on the sample size, and standard deviation of repeated samples. Biased error was accounted by the calibration error, or the least count of the instrument used. Overall uncertainty (w) can be calculated as the square root of the sum of the squares of both errors.
                                                                                                         (B2)
Where precision error is calculated as, 

                                                                                                            (B3)

Where  is the Student’s t-distribution value for 95% confidence interval, Sx is the standard deviation of the mean of the sample, and n is the sample size. Typical   values are presented below. 

[bookmark: _Toc479083437]Table B.2: Typical values of t-distribution confidence intervals at 95%.
	n
	υ
	

	3
	2
	4.303

	4
	3
	3.182

	5
	4
	2.776




Precision errors tended to be larger than the corresponding biased errors, and most of the uncertainty for this study is attributed to such. Measurements were repeated a minimum of three times in order to reduce precision errors, and the measurement instruments were periodically re calibrated to ensure accurate readings. 

For certain calculations, where the final value depended on several independently measured quantities and multiple uncertainties were present, as in the case of EI calculations, the errors propagated. Below is an example of how the error propagation was accounted for while calculating emission indices. 
                 (B4)

Where;
                                                                              (B5)

                                                                              (B6)

                                                                     (B7)

                                                                    (B8)

Where,
is the uncertainty associated with the NOx measurements
is the uncertainty associated with the CO measurements
is the uncertainty associated with the CO2 measurements
The uncertainty associated with the Emission Index of NOx is then expressed as:



[bookmark: _Toc477364964][bookmark: _Toc479081034]B.4 In-flame Temperature Measurements Correction 
It was determined that the thermocouple used in the in-flame temperature measurements recorded a smaller temperature than the real temperature due to conductive, convective, and radiative heat losses. The methodology to address these offset in temperature is described by Jha (2008). The procedure involved the calculation of Reynolds number, Re, of the thermocouple bead, an approximation of the Nusselt number, Nu, and finally the radiation calculation which yielded the corrected values for temperature. 
                                                                                                               (B10)
                                         (B11)
                                                       (B12)

Where u [m/s2] is the exit air velocity, dbead [m] is the diameter of the thermocouple bead,  [m2/s] is the kinematic viscosity of air at the measured flame temperature, hc [W/m2*K] is the convective heat transfer coefficient, kair [W/m*K] is the thermal conductivity of air, Pr is the Prandtl number, T [K] is the temperature at the condition specified,  [W/m2K4 ] is the Stefan-Boltzmann constant, and  is the emissivity of the thermocouple wire. Thermal conductivity of air, and emissivity varied with measured flame temperature. The values for the constants used are as follows:




                                               For temperatures between 300 K-1200 K
                 For temperatures between 1200 K-2500 K
                                                                                                                 For temperatures between 300 K-2500 K
                                                                                                                 For temperatures between 300 K-2500 K
                                                                For temperatures between 300 K-2500 K
Pr = 0.68                                                                                                                                         Prandtl number is fairly constant over a wide range of temperatures 


[bookmark: _Toc477364965][bookmark: _Toc479081035]B.3 Adiabatic Temperature Calculation 
The adiabatic temperature for each fuel was calculated using the methodology described by Turns (2011). Constant pressure adiabatic temperatures were calculated considering a stoichiometric reaction at the conditions in which the experiment was carried; reactants initial temperature, Ti = 463 K and atmospheric pressure. For adiabatic combustion of a fuel/air mixture the enthalpy of the reactants at the initial state (T=T0) must equal the enthalpy of the products at the final state (T=Tad). 



Where N is the number of moles of a species,  [kJ/kmol] is the enthalpy of formation at 298 K of a species,  [kJ/kmol] is the sensible enthalpy at 463 K of a species,  [kJ/kmol-K] is the specific heat of a species, Tad [K] is the adiabatic flame temperature; i and j denote a reactant or a product. 

Adiabatic temperature was found by solving equation B9 numerically since the heat capacity of the products varied with temperature. Tables B3a-c display the values corresponding to the properties involved in the equation at the specified conditions. 



[bookmark: _Toc479083438]Table B.3a: Enthalpy of formation, sensible enthalpy, and specific heat capacity of the fuels.
	Fuel
	Enthalpy of Formation at 298 K [kJ/kmol]
	Sensible Enthalpy at 463 K [kJ/kmol]
	Specific heat capacity [kJ/kmol-K]

	Jet-A
	-349300
	65863
	399.2

	SA 10
	-391492
	65679
	398.1

	BSA 10-10
	-391492
	62212
	377.0





[bookmark: _Toc479083439]Table B.3b: Enthalpy of formation, and sensible enthalpy of air components.
	Reactant
	Enthalpy of Formation at 298 K [kJ/kmol]
	Sensible Enthalpy  at 463 K  [kJ/kmol]

	O2
	0
	5071

	N2
	0
	4815





[bookmark: _Toc479083440]Table B.3c: Enthalpy of formation, and specific heat capacity of the combustion products.
	Product
	Enthalpy of Formation at 298 K[kJ/kmol]
	Specific heat capacity at Tad  [kJ/kmol-K]

	H2O
	-238302
	58.7

	CO2
	-393401
	47.1

	N2
	0
	34.6





[bookmark: _Toc477364966][bookmark: _Toc479081036]B.5 Soot Volume Fraction 
The soot volume fraction measurements were calculated using the relationship from the application of Beer’s Law and Mie’s theory as described by Yagi and Iino (1962). Soot voulme fraction, Fv, [ppm] is calculated by:                                                           
                                                                                                            (B13)

Where Is is the incident laser intensity [mW], Io the attenuated laser intensity [mW], kλ  the spectral extinction coefficient based on the refractive indices of the soot, λ  the laser wavelength [m], and δ the laser beam path (flame thickness) [m].     

This relationship has been used by various authors such as Romero et al. (2013) who studied the soot distribution in laminar premixed flames of palm methyl ester and diesel blends, and Imran (2015) who did the same for butanol/Jet-A blends in a porous media combustor. 

As described in Chapter 4, the soot volume fraction measurements for the flames of the study yielded 0 ppm of soot, or quantities smaller than those of the uncertainty calculated for the measurements. In order to attest for the validity of the method two measurements were taken for Jet-A flames at 60% flame height for equivalence ratio 1.0, and 1.2. Photographs of the flames at these conditions are shown in Figures B4a, and B4b. 
[image: ]
[bookmark: _Toc480981693]
Figure B5a: Photograph of Jet-A flame at ϕ=1.0.
[image: ]
	
[bookmark: _Toc480981694]Figure B5b: Photograph of Jet-A flame at ϕ=1.2.

From the photographs, it can be clearly appreciated that the flame appearance is significantly different than the appearance of the flames described in previous chapters. Where  the flames investigated for the study were all entirely blue indicating low soot formation, the flames of richer equivalence ratio show a yellow appearance; the color hueof the flame can be directly attributed to the prescence of radiating soot particles.
For the Jet-A flame at ϕ=1.0, at 60% of the flame height, the following results were found:

Is = 2.64 mW
Io = 2.59 mW
λ  = 6.33*10-7 m
kλ = 4.16
δ = 0.03 m



Similarly, for the Jet-A flame at ϕ=1.2 yielded a soot volume concentration of  . 

As suggested by the photographs, the soot concentration of the flames is larger than that of the flames investigated in the study. 
From these observations, it can be concluded that if the flames investigated in the study have minimal soot formation, and instrumentation with a higher resolution will have to be used to obtain a better idea of the soot formation mechanisms occurring at lean equivalence ratios. 


[bookmark: _Toc477364967][bookmark: _Toc479081037]B.6 Equivalence Ratio and Flow Rate Calculation 
The process of finding overall equivalence ratio for a fuel at a given condition is as illustrated below, to perform these calculations BSA 10-10 at ϕ=0.6 will be used as an example. 
Knowing:
Volume of butanol: 0.1%
MWb : 74kg/kmol
ρb : 805 kg/m3
Volume of SME: 0.1%
MWSME : 292.2kg/kmol
ρSME: : 881 kg/m3
Volume of Jet-A: 80%
MWJetA: 179kg/kmol
ρJetA: : 795 kg/m3

Then the number of moles of butanol in the blend for one m3, Nb can be determined as, 



Similarly for number of moles of SME, and Jet-A;




The mole fractions, X, corresponding to these values are: 




The molecular weight of the blend, MWBSA1010, can be estimated as: 



The stoichiometric reaction for BSA 10-10 is given by:



Which yields an air-to-fuel ratio, A/F of:



Since the actual combustion condition is given by ϕ=0.6, the actual A/F ratio can be determined by using the definition for equivalence ratio: 
                                                                                                               (B14)


Then; 
                                                                                               (B15)



Which can be expressed as; 



For a given air volumetric flow rate, , of 124.1 l/min, the corresponding fuel flow rate would be (if standard density of air is assumed ) : 





The ratio of fuel flow rate and atomizing air flow rate was kept constant at 0.6 [(l/minair)/(ml/minfuel)] through all the experiments. For a fuel flow rate of 8.0 ml/min the corresponding atomizing air flow rate is set to be 4.8 l/min. Subsequently the total air flow rate (atomizing + co-flow) was kept constant through all the experiments; the corresponding co-flow air flow rate was 119.3 l/min. 
[bookmark: _Toc477364968][bookmark: _Toc479081038]B.7 Carbon Input Rate 
Carbon input rat was kept relatively constant for a given equivalence ratio, to calculate the amount of carbon brought into the reaction an example calculation for a BSA 10-10 flame at ϕ=0.6 is presented below. 

Taking the molecular formula of BSA 10-10, C11.3H20.8O0.3, and the fuel flow rate calculated in the previous section (8.0 ml/min) the carbon input rate is given as:

                                                                                               (B16)
or, 
                                                                                   (B17)
where Ycarbon is the mass fraction of carbon in the fuel,  is the mass flow rate of fuel [kg/s],  is the volumetric flow rate of fuel [m3/s] and  is the density of the fuel [kg/m3]. 
Then for BSA 10-10 at ϕ=0.6;



[bookmark: _Toc477364969][bookmark: _Toc479081039]Appendix C: Nomenclature 


[bookmark: _Toc477364970][bookmark: _Toc479081040]English Symbols

A		Surface area							[m2]
A/F		Air to fuel ratio						[kgair/kgfuel]
B		Bias error							[ - ]
EICO		Emission index of carbon monoxide 				[gco/kgfuel]
EINOx		Emission index of nitric oxides				[gNOx/kgfuel]
FV		Soot volume fraction						[ppm]
h		Flame Length 							[cm]
hc		Convective heat transfer coefficient				[W/m2*K]
Io		Attenuated laser intensity					[mW]
Is		Incident laser intensity					[mW]	
If		Flame intensity						[mW]
k		Thermal conductivity						[W/m*K]
kλ		Spectral extinction coefficient				[ - ]

LHV		Lower heating value						[J/kg]
MW		Molecular weight						[kg/kmol]
m		Mass								[kg]

		Mass flow rate							[kg/s]
Nu		Nusselt number						[ - ]
P		Precision error		   					[ - ]
Pr		Prandtl number						[ - ]
		Volumetric flow rate 						[l/min]
Re		Reynolds number						[ - ]
SX		Standard deviation	[ - ]
T		Temperature							[K] 
T0		Initial temperature 						[K]
Tad		Adiabatic flame temperature 					[K]
w		Uncertainty in a parameter					[ - ]
x                     Axial distance							[mm]


[bookmark: _Toc477364971][bookmark: _Toc479081041]Greek Symbols

δ		Flame thickness						[cm]
		Emissivity							[ - ]
λ		Wavelength							[nm]
μ		Dynamic viscosity						[N*s/m2]
ρ		Density							[kg/m3]
		Stefan Boltzmann constant 				[5.67*10-8 W/m2K4]
		Kinematic viscosity						[m2/s]
		Equivalence ratio						[ - ]
χ		Mole fraction							[ - ] 


[bookmark: _Toc477364972][bookmark: _Toc479081042]Chemical Symbols

C		Carbon
CO		Carbon monoxide
CO2		Carbon dioxide
H		Hydrogen
N		Nitrogen
NO		Nitric oxide
NOx		Nitric oxide (NO + NO2)
O		Oxygen
O2		Oxygen (molecule)


[bookmark: _Toc477364973][bookmark: _Toc479081043]List of Abbreviations

AME			Aerospace and Mechanical Engineering
BSA 10-10		80% Jet A, 10% SME, and 10% n-Butanol blend (by volume)
CIR			Carbon input rate 
CPM			Combustion porous medium
EPM			Evaporation porous medium
PM			Porous Media
ppcm			Pores per centimeter
ppi 			Pores per inch
SA10			90% Jet A and 10% SME (by volume)
SME			Soy methyl ester 



Jet-A	0.6	0.6	φ=0.5	φ=0.6	φ=0.7	3.3240682920241924	6.6860597754956821	3.2037405063827333	SA 10 	φ=0.5	φ=0.6	φ=0.7	4.1063055079040245	5.9837778999971745	2.9000774140434737	BSA 10-10	φ=0.5	φ=0.6	φ=0.7	3.6645299320215372	5.9198033579284086	3.96	Equivalence Ratio
EINOx [g/kg] 
Jet-A	0.3	0.3	φ=0.5	φ=0.6	φ=0.7	3.5872236984761088	6.0217897640780818	4.7068454816111522	SA 10	φ=0.5	φ=0.6	φ=0.7	4.4399751126972324	6.3761745978898121	5.1694276090763998	BSA 10-10	φ=0.5	φ=0.6	φ=0.7	3.6194645153817908	5.5944306759774856	4.505929657483537	Equivalence Ratio
EICO [g/kg]  
Jet-A	0.2	0.2	φ=0.5	φ=0.6	φ=0.7	3.7222222222222223	3.7111111111111108	3.6111111111111112	SA 10	φ=0.5	φ=0.6	φ=0.7	3.9571428571428569	3.7571428571428567	3.6100000000000003	BSA 10-10	φ=0.5	φ=0.6	φ=0.7	3.9333333333333336	3.7666666666666671	3.55	Equivalence Ratio
CO2  Concentration [%]
  
Jet-A	0.2	0.2	φ=0.5	φ=0.6	φ=0.7	15.366666666666667	15.355555555555558	15.52222222222222	SA 10 	φ=0.5	φ=0.6	φ=0.7	15.071428571428571	15.285714285714288	15.52	BSA 10-10	φ=0.5	φ=0.6	φ=0.7	15.066666666666668	15.333333333333334	15.666666666666666	Equivalence Ratio
O2  Concentration [%]
φ=0.5, 25% Flame Height
Jet-A	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	7	7.2	7.7	7.9	7.2	6	4.3	3.1	2	1.6333333333333331	1.55	1.9	2.4	3.2	4.0999999999999996	5.0999999999999996	6.3	7.3	7.8	8.9	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	7.2	6.5	3.2	1.9	2	2.5	2.4	2.5	2.5	2.9	2.6666666666666665	3.4	3.5	3.7	5.3	8.1999999999999993	10.7	11.8	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	5.8	5.4	5.8	5.7	5.2	4.4000000000000004	3.1	2.6	2.5	2.1	2.2000000000000002	2	2.4	2.5	2.9	3.7	5.6	8.1	11	13.9	Horizontal Position [mm]
O2 Concentration [%]

φ=0.5, 50% Flame Height
Jet-A	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	8	8.1	8.1999999999999993	7.7	7.8	6.7	5.7	4.3	3.8666666666666671	3.5	3.45	3.8	4.2	4.5999999999999996	5	5.6	5.7	6.5	8.1999999999999993	10.8	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	6.2	5.3	4.4000000000000004	3.6	2.9	2	1.7	1.2	2.1	2.2999999999999998	2.4	3	4.4000000000000004	7.6	10.5	12.5	14.2	14.6	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	7.3	6.9	6.9	6.9	7.4	7.2	4.5	3.3	2.9	2.5	2.1	2.6	2.4	3.2	3.7	5.0999999999999996	6.1	8	9.8000000000000007	11.8	0	Horizontal Position [mm]
O2 Concentration [%]

φ=0.5, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	18.600000000000001	16.899999999999999	14	10.6	9.1999999999999993	8.8000000000000007	8.3000000000000007	7.4	6.7	6.0999999999999988	5	4.5	4.3	4.3	4.4000000000000004	4.8	5.3	7.2	8.9	10.199999999999999	13.8	SA 10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	4.5999999999999996	4.3	3.5	2.8	2.5	2.9	2.6	2.2999999999999998	1.9	1.6	1.6333333333333335	2.2000000000000002	2.4	2.7	3.4	4.3	5.4	6.1	6.6	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	6.4	6.2	5.7	5.3	5.3	4.7	4	3.5	3.9	2.8	4.2	5.3	7.5	10.3	13.2	15.8	Horizontal Position [mm]
O2 Concentration [%]

φ=0.6, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	5.2	5.4	5.9	6	5.3	4.3	1.5	0.5	0.1	0.1	0.39999999999999997	0.44999999999999996	0.7	1.1000000000000001	2.5	3.4	5.2	6.3	7.2	8.8000000000000007	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	6.6	5.9	5.0999999999999996	1	0.2	0.1	0	0	0	0	0.1	0	0	0	0.1	0.6	3.8	6.4	8.1	8.8000000000000007	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	4	3.3	3.6	4.3	3.5	2.1	1.5	0.4	0.1	0.1	0.1	0.3	0.9	1.3	2.1	3.8	6.5	12.1	15.8	17.7	0	Horizontal Position [mm]
O2 Concentration [%]

φ=0.6, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	4.4000000000000004	4.3	4.7	4.5999999999999996	4.4000000000000004	3.4	2.2000000000000002	1.4	0.7	0.35	0.25	0.4	0.7	1.2	2.2000000000000002	3	4.3	5.4	6.3	7.4	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	1.5	0.9	0	0	0	0	0	0	0	0	0	0.1	0.6	2.1	4.3	6.8	8.3000000000000007	9	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	3.4	3.6	4	4.9000000000000004	4.5	3.7	3	1.7	1.4	0.5	0.9	1.7	3.7	5.7	8.1	10.199999999999999	13.2	15.3	17.3	18.3	Horizontal Position [mm]
O2 Concentration [%]

φ=0.6, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	7.6	6.6	5.2	4.7	4.0999999999999996	3.4	2.8333333333333335	1.95	1.45	1.3	1.1000000000000001	1.6	1.9	3.3	4.7	7.7	10.4	13.4	0	0	0	SA 10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	7.7	2.1	0.6	0	0	0	0	0	0.1	0.1	0.3	0.9	1.7	3.3	5.3	7.7	10.4	13.4	BSA 10-10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	7.8	4.0999999999999996	3.9	3.9	4.3	3.6	3.3	2.5	2.2000000000000002	2	2.6	3.6	5	7.1	9.5	11.6	15.2	16	18.399999999999999	18.8	Horizontal Position [mm]
O2 Concentration [%]

φ=0.7, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0.5	0.2	0.2	0.2	0.66666666666666663	0.1	0.2	0.76666666666666661	0.8666666666666667	0.2	0.2	0.2	0.3	0.3	0.9	0.7	1.3	1.6	2.5	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	2.7	1.9	0.03	0	0	0	0	0.4	0	0	0	0	0	0	0	0	0.5	3.2	BSA 10-10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0	0.6	0.9	0.5	1.3	1.5	3	0.1	0.2	0.5	0.1	0.2	0.8	2.2999999999999998	3.3	4.5	6.3	10.199999999999999	14.9	Horizontal Position [mm]
O2 Concentration [%]

φ=0.7, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.3	0.4	0.3	0.3	0.4	0.4	0.4	0.6	0.4	0.4	0.5	0.5	0.5	0.5	0.5	1.5	2.6	3.2	5.2	6.7	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	3.9	1.9	0.7	0.2	0	0	0	0	0.2	0	0.16666666666666666	0	0	0	0	0	0	0.4	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.2	0.2	0	0.1	0.2	0.6	1.9	0	0	0.1	0.2	0.5	1.3	3.1	5.7	8.5	11.2	13.7	15	16.5	0	Horizontal Position [mm]
O2 Concentration [%]

φ=0.7, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	5.4	2.2000000000000002	1.2	1.2	1	0.9	1	0.96666666666666679	1.1000000000000001	1.2	1.3	1.4	1.6	1.8	1.9	5.6	6.7	8.5	10.6	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	3.4	2	0.7	0.2	0	0	0	0	0.1	0.1	0	0	0	0	0.2	0.3	1.7	6.6	11.5	12	BSA 10-10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	7.8	5	3	1.6	0.7	0.6	0.3	0.2	0.1	0.3	0.8	1.3	2.9	3.8	7	9.6	11.6	14.7	Horizontal Position [mm]
O2 Concentration [%]

φ=0.5, 25% Flame Height
Jet-A	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	9.6	9.4	9	8.8000000000000007	9.3000000000000007	10.3	11.5	12.4	13.4	13.533333333333333	13.45	13.3	13	12.5	11.9	11.2	10.4	9.6999999999999993	9.3000000000000007	8.6999999999999993	7.9	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	9.1999999999999993	10	12.6	13.4	13.4	13.1	12.9	12.9	12.7	12.6	12.633333333333333	12.4	12.2	11.7	10.9	8.4	7.1	6.3	5.7	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	11	10.4	10.4	10.5	11.2	12.3	12.6	12.7	12.9	12.9	12.8	12.6	12.8	13.1	12.8	11.9	9.8000000000000007	7.4	6.3	6.6	0	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.5, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	8.6	8.8000000000000007	8.9	9.6999999999999993	10.5	11.5	12	12.25	12.3	12	11.8	11.4	11.2	10.7	10.6	10.199999999999999	9	7.3	0	0	0	SA 10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	9.9	10.4	11.2	11.7	12.4	13.3	13.4	13.3	13.1	12.9	12.9	12.1	11	8.4	6	5.3	4.0999999999999996	4	3.9	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	9.9	10.1	10	10.7	11	12.3	12.6	13	13.4	13.1	13.4	13	12.9	12	11.8	10.7	9.8000000000000007	9.3000000000000007	0	0	0	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.5, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	7.1	8.1999999999999993	8.5	8.9	9.6	10.1	10.566666666666668	11.25	11.65	11.8	11.8	11.7	11.5	11.2	9.9	8.8000000000000007	8	5.4	0	0	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	11.1	11.3	11.8	12.1	12.3	12.1	12.5	12.7	13.1	13.3	13.266666666666666	12.9	12.9	12.4	11.8	11.1	10.199999999999999	9.6999999999999993	9.4	0	0	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	9.6999999999999993	10	10.4	10.8	10.6	11.2	12	12.5	12.3	13.25	13.3	12.8	11.9	10.3	7.9	5.4	3.6	3.4	0	0	Horizontal Position [mm]

CO2 Concentration [%]

φ=0.6, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	11.1	10.8	10.3	10.199999999999999	10.7	11.7	13.3	13.9	13.7	13.3	13.399999999999999	13.8	13.9	13.8	13.1	12.4	11.3	10.5	9.8000000000000007	8.8000000000000007	7.3	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	9.4	10.6	12.2	14.1	14.5	14.1	13.6	13.6	14	14.2	14.4	14	14.2	14.1	14.3	14.1	11.8	9.8000000000000007	8.8000000000000007	8.3000000000000007	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	11.7	12.4	12.2	11.3	11.8	13.2	13.8	14.7	14.3	14.1	13.8	13.7	14.3	14.2	14.2	14.6	13.6	8.6999999999999993	5.2	3.6	0	Horizontal Position [mm]
CO2 Concentration [%]


φ=0.6, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	11.3	11.1	11	11.2	12	12.9	13.5	13.9	13.85	13.9	14	14	13.9	13.3	12.7	11.9	11.1	10.5	9.9	0	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0.5	13.6	14.1	14	13.6	13.7	13.4	13.1	13.1	13.1	13.1	13.3	13.8	14.3	13.7	12.3	10.1	8.9	8.4	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	12.3	12.1	11.6	10.8	11	11.7	12	13.2	13.5	14.2	14	13.7	12.7	11.5	9.9	8.4	6.4	4.9000000000000004	3.5	2.7	1.8	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.6, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	6.9	9.1999999999999993	10.1	10.9	11.3	11.9	12.6	12.766666666666666	13.4	13.75	12.5	14	13.8	13.4	12.6	11.5	9.8000000000000007	7.5	5.6	0	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0.75	8	12.7	13.7	13.1	12.5	12.4	12.3	12.4	13.1	13.4	13.8	14.4	14.3	13.5	12.2	10.6	7.6	6.7	BSA 10-10	1.7	1.7	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0	0	0.75	8.5	11.5	11.7	11.7	11.3	11.9	12	12.8	13.1	13.4	13.3	12.8	12.2	10.6	8.8000000000000007	7.4	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.7, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	12.266666666666666	12.3	12.4	11.9	9.7000000000000011	10.5	10.8	8.7333333333333325	8.7999999999999989	10.8	11.8	11.5	11.8	12.7	13.3	13.3	11.800000000000002	13.2	12.6	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	12.6	13.5	14.1	13.7	12.3	12.1	12	11.1	11	11	11	11	11	11.5	12.1	12.9	13.8	12.2	11.4	9.4	BSA 10-10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	0	13.4	13.5	13.1	13.4	12.6	13.5	12.5	11.3	11.2	11.1	12.9	13.5	13.1	12.6	12	11.5	8.8000000000000007	5	3.1	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.7, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	12.5	12.2	10.3	10.9	10.5	10	9.6999999999999993	9.6999999999999993	9.5666666666666664	9.6999999999999993	9.6	10.4	10.9	10.3	11.7	12.1	13.1	12.5	12.1	10.9	10.1	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	12.8	12.3	11.8	11.4	11.1	10.9	10.9	11	11	10.9	11.533333333333331	11.4	11.8	12.4	13	13.4	13.9	13.9	13.6	13.4	BSA 10-10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	13.6	13.5	13.2	12.6	12.2	12.3	11.7	11.4	10.3	10.1	10.3	11.1	12.2	13.4	12.8	11.2	9.6	7.6	6	5	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.7, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0.75	10.6	11.5	11.4	10.7	10.199999999999999	9.5	9	9.1666666666666661	9.1999999999999993	9.8000000000000007	9.9	10.9	11	11.4	11.5	11.2	9.8000000000000007	8.5	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	11.7	12.4	11.5	10.8	10.6	10.5	10.5	10.6	10.8	10.9	11.1	11.2	11.7	12.1	12.8	13.3	11.4	9.1	5.3	BSA 10-10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	7.5	10.1	12	13.2	13.7	13.7	13.8	13.7	13.6	13.7	14	14.1	13.3	13.1	10.5	8.8000000000000007	7.4	4.2	3.9	Horizontal Position [mm]
CO2 Concentration [%]

φ=0.5, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	158.00000000000003	195	250	363	486	781	1400.0000000000002	2400	4100	5400	4500	2700	1700.0000000000002	1100	641	362.00000000000006	300	200	236	153	SA 10 	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	270	322	640	1100	1100	1000	908.00000000000011	890	922.99999999999989	767.99999999999989	841.66666666666663	625	633	600	396.00000000000006	217	149	83	47	BSA 10-10	100	100	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	171	213	381	427	946	3700	6200	9700	15900	14500	10800	10800	8600	5800	2900	1600	1100	700.00000000000011	578	463	245	Horizontal Position [mm]
CO Concentration [ppm]


φ=0.5, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	120	166	66	77	110	167	231.99999999999997	213	370	454.00000000000006	433	411	371	306	229	178	135	111	77	98	SA 10 	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	269	310	395	550	712	926	1236	1313	1083	1011	1000.6666666666667	767	544	304	222	157	115.99999999999999	95	86	80	79.000000000000014	BSA 10-10	100	100	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	176	223	267	602	635	1452	1500	3200	2400	3100	2100	1700.0000000000002	1200	800	320.99999999999994	231.99999999999997	212	187	158.00000000000003	120	138	Horizontal Position [mm]
CO Concentration [ppm]


φ=0.5, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	53	111	172	211	268	325.99999999999994	717	704.99999999999989	1062	992	982	745	608	515	438	325	250	183	136	127	195	SA 10 	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	270	322	640	1100	1100	1000	908.00000000000011	890	922.99999999999989	767.99999999999989	841.66666666666663	625	633	600	396.00000000000006	217	149	83	47	47.999999999999993	52	BSA 10-10	100	100	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	112.99999999999999	152	197	254.99999999999997	265	366	501	618	675	738	876	733	475	282	154	64	41	35	0	0	0	Horizontal Position [mm]
CO Concentration [ppm]


φ=0.6, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	1.72E-2	0.08	0.11	0.16	0.26	0.42	0.6	2.04	4.05	4.1399999999999997	2.6799999999999997	1.87	1.64	0.88	0.53	0.11	7.0000000000000007E-2	4.0300000000000002E-2	2.4400000000000002E-2	1.43E-2	2.5000000000000001E-3	SA 10 	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	8.48E-2	7.8600000000000003E-2	9.4799999999999995E-2	0.28000000000000003	1.05	2.1	3.95	3.96	2.79	2.0299999999999998	0.92	2.57	2.2999999999999998	1.9	1.82	0.48	0.26	0.16	0.10970000000000001	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	3.3000000000000002E-2	4.0599999999999997E-2	5.33E-2	7.5499999999999998E-2	0.1	0.14000000000000001	0.24	0.42	0.71	2.65	3.5	3.8	3.76	2.23	2.54	2.3199999999999998	0.73	0.23	0.1036	4.82E-2	1.9699999999999999E-2	Horizontal Position [mm]
CO Concentration [%]


φ=0.6, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	278	346	388	342	485	600	1300	2400	2000	2600	5300	2800.0000000000005	3100	927.99999999999989	714.99999999999989	610	468	289	248	189	SA 10 	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	269	310	395	550	712	926	1236	1313	1083	1011	1000.6666666666667	767	544	304	222	157	115.99999999999999	95	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	32	73	148	210	294	463.99999999999994	868	1991	7300	8450	7300	2600	1900	587	467	361	253	320	325	275	Horizontal Position [mm]
CO Concentration [ppm]


φ=0.6, 75% Flame Height
Jet-A	120	120	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	53	111	172	211	268	325.99999999999994	717	704.99999999999989	1062	992	982	745	608	515	438	325	250	183	136	127	195	SA 10 	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	4000	5100	5600.0000000000009	6400	6700	7000	10000	10000	10000	5000	2200	600	300	120	100	100	100	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	256	211	248.99999999999997	305	243	425.00000000000006	483	743.99999999999989	765	1003	1303	995	840.99999999999989	463.99999999999994	298	217	109	106	106	147	185	Horizontal Position [mm]
CO Concentration [ppm]


φ=0.7, 25% Flame Height
Jet-A	0.5	0.5	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	3.1333333333333333	3.1	2.9	3.2	6.666666666666667	5.9	5.7	8.6333333333333346	8.4666666666666668	5.9	4.2	4.7	3.6	2.6	0.7	0.9	2.9	0.3	0.1	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	4.5499999999999999E-2	9.35E-2	0.57999999999999996	2.75	4.1900000000000004	4.4800000000000004	4.76	5.71	5.89	5.93	5.97	5.97	5.82	5.9	5.2	4.3	2.5	2.1	0.1	0	0	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	0	0.8	0.5	1.2	1.52	3.6	0	5.3	5.7	5.31	4.8149999999999995	3.9	2.1800000000000002	0.21	0.15	0.113	8.8300000000000003E-2	5.04E-2	3.4200000000000001E-2	Horizontal Position [mm]
CO Concentration [%]

φ=0.7, 50% Flame Height
Jet-A	0	0	0	0	0	0	0	0	0	0	0	0	0.5	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0.5	0	0	0	0	0	0	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	3.1666666666666665	3.1	4.4000000000000004	5.2	5.9	6.5	7.5	7.6	7.4666666666666659	7.7	8.1	6.7	5.6	6.7	3.9	3.6	0.5	0.1	0.1	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0.5	4	4.3	4.7	5.24	5.65	5.9	5.93	5.96	6	5.92	5.6233333333333322	5.6	5	4	3	2.1	1.1000000000000001	0.3	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	0.8	1.1000000000000001	1.1000000000000001	1.8	2.7	2.2999999999999998	3.1	4.3	5.96	6	5.65	4.57	4.04	1.59	0.37	0.10539999999999999	6.4199999999999993E-2	0.04	2.1499999999999998E-2	1.1299999999999999E-2	Horizontal Position [mm]
CO Concentration [%]

φ=0.7, 75% Flame Height
Jet-A	0	0	0	0	0	0	0	0	0	0.5	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0.5	0	0	0	0	0	0	0	0	0	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	1.1000000000000001	1.9	3.4	5.0999999999999996	5.8	7	7.9	8.0333333333333332	7.9	6.8	6.5	4.7	4.4000000000000004	3.3	2.7	0.9	0.2	0.1	0.1	SA 10	0.5	0.5	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	0.6	3	5.3	6	5.89	6.2	5.94	5.94	5.91	5.93	5.9	5.6	5.0999999999999996	4.3	3.1	1.3	0.5	0.2	0.1	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	0.08	0.11	0.19	0.38	0.77	0.86	1.64	2.1	2.9	2.4500000000000002	1.68	1.1100000000000001	0.36	0.26	9.6799999999999997E-2	4.7800000000000002E-2	3.78E-2	1.9300000000000001E-2	1.0999999999999999E-2	Horizontal Position [mm]
CO Concentration [%]

φ=0.5, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	77	76	76	83	122	180	252	320	394	418.33333333333331	415.5	394.5	349	288	240	180	118	48	48	26	10	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	0	143	169	298	366	407	393	362	354	372	296	330.66666666666669	231	230	220	168	98	70	45	BSA 10-10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	155	136	144	153	206	277	311	231	346	346	341	332	351	366	325	233	128	102	67	67	0	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.5, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	77	75	80	98	117	170	226	306	350	383	388.5	356	331	279	245	198	168	122	71	45	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	220	249	307	374	435	535	581	612	552	550	567.66666666666663	505	420	288	206	167	114	101	83	BSA 10-10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	101	107	132	136	194	242	349	388	431	473	435	466	403	374	257	242	159	136	124	0	0	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.5, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	37	58	77	93	119	164	206	244.66666666666666	305	340	343	338	326	281	241	153	107	77	39	0	0	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	291	316	362	0	474	430	491	565	635	676	668.66666666666663	599	569	551	511	464	404	363	341	0	BSA 10-10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	90	111	146	179	178	230	303	366	385	421.5	468	414	351	252	173	72	60	52	0	0	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.6, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0	117	121	127	142	184	241	322	378	380	356	371.5	417.5	373	346	281	235	159	99	63	31	SA 10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	200	287	397	484	563	484	565	623	653	680	624	680	670	569	541	410	288	223	194	175	0	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	184	228	179	204	271	297	353	363	367	351	333	414	407	380	382	279	138	61	32	0	0	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.6, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	137	136	142	159	189	246	302	348	379.5	388.5	392.5	378	364	361	316	274	209	154	109	83	0	SA 10	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	57	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	57	0	0	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	201	252	303	332	446	464	471	514	526	522	537	541	583	658	528	392	305	267	245	229	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	188	195	208	175	211	266	320	395	433	486	486	423	379	338	262	225	150	11.3	70	55	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.6, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	71	108	126	152	187	228	255	308.33333333333331	351	379	267.5	366	347	313	257	209	149	93	61	0	0	SA 10	57	57	0	2	4	6	8	10	12	14	16	18	20	510	501	572	501	444	377	279	223	127	87	56	BSA 10-10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	137	189	205	231	221	288	313	387	418	459	465	436	388	346	265	206	142	106	50	48	30	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.7, 25% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	109.66666666666667	124	148	169	135.66666666666666	161	166	112.33333333333333	106.66666666666667	166	218	207	228	255	279	306	253.33333333333334	262	198	112	SA 10	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	126	155	222	275	321	348	340	230	239	253	277	277	245	271	310	361	364	307	253	205	188	BSA 10-10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.25	0	158	198	244	266	265	224	257	225	209	221.5	308	330	297	266	205	167	81	34	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.7, 50% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	106	115	127	149	148	149	142	140	127	145	145	166	193	173	244	258	260	212	182	134	106	SA 10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.5	158	157	180	190	214	225	230	235	240	246	269	276	315	361	399	294	395	354	317	297	BSA 10-10	0	0	0	0	0	0	0	0	0	0	57	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	57	0	0	0	0	0	0	0	0	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	154	160	160	203	242	269	270	255	259	226	210	276	279	320	282	246	194	149	108	85	57	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.7, 75% Flame Height
Jet-A	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	82	106	117	118	128	116	115	109.66666666666667	126	128	128	165	161	179	184	179	154	118	94	SA 10	57	57	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	1.1000000000000001	133	159	173	179	187	194	200	215	214	220	237	260	282	292	305	244	160	92	80	BSA 10-10	0	0	0	0	0	0	0	0	0	0	57	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	57	0	0	0	0	0	0	0	0	0	0	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	0.75	75	11	147	188	226	271	301	310	322	322	358	334	295	290	233	176	138	80	63	48	Horizontal Position [mm]
NOx Concentration [ppm]

φ=0.5, 25% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	761.94830629194064	1019.9966886892532	1268.7932225341044	1438.8570403457322	1504.0133953140612	1569.1503828632819	1618.9018147416766	1657.1579644084197	1684.8480671489908	1698.6865269720834	1713.2710815921171	1723.2903269046694	1725.6142930727335	1718.8087763879189	1707.9125017986094	1684.0253803423266	1642.9245467623653	1611.0075850962146	1534.003707886978	1463.6562687891162	1376.9119008525508	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	568.91195670000002	795.66928069999994	1016.9196819999999	1419.9906367999999	1565.1977579000002	1660.7252633000001	1686.7584148999999	1701.1245667000003	1724.2453281000003	1724.8021609000002	1719.0514916	1702.8045479	1711.6978336000004	1693.1378050999999	1668.9958538999999	1643.9736709333336	1595.5629382000002	1494.2207182	1398.1687423000005	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	879.85837091626649	1086.3586809315259	1279.9798601801403	1416.4129609811584	1482.8652776917095	1549.5241870913153	1617.0166004347968	1659.7755018665389	1696.1868212661652	1704.8796317799959	1709.0821111131502	1718.5736293043037	1715.583904789502	1699.2950831297792	1673.4785621531141	1666.2833522117405	1621.2055271488762	1594.7893071617675	1547.936316580252	1559.3310714151135	1488.8497726745031	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.5, 50% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	749.10506556434348	939.27619536112127	1076.8358416836236	1195.271121158898	1290.7083709562603	1395.9005188584144	1484.6670561068458	1546.0129263988144	1587.1555022293494	1614.1536055000986	1630.5693001938389	1640.7184175904556	1632.9420694281853	1607.2107616539804	1583.0243840425139	1540.8394934677078	1486.7318550353416	1452.1743239899058	1403.4797264258384	1330.0460123891266	1267.8145699664346	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	567.55559730000004	622.68153640000003	770.06733959999997	1041.7438391000001	1200.7730550000001	1429.7784248000003	1537.2491085000001	1622.0343840999999	1653.4390964999998	1682.9619762000002	1692.4834026000001	1691.3069378999996	1686.2819268999999	1681.9738494000001	1665.2474656999998	1642.8140182999996	1610.9440130999999	1574.9683788666666	1508.5708480999997	1432.6430692999998	1369.1562207999998	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	539.11475236831177	696.62481507662937	828.84200199173961	1033.0306936237409	1146.9422701085357	1290.3635029555994	1407.5206103074704	1524.288204215733	1569.2027553386295	1611.7643920007579	1637.9200574872723	1646.2590099457207	1639.2241959578	1627.0912585969734	1606.859589195104	1565.5051217253611	1550.4588814933206	1497.1235003953552	1455.3021627710139	1390.8305292543778	1317.638665299532	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.5, 75% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	504.13458789581938	651.81018428785296	802.50555038343066	929.7097447936037	1072.8749348604169	1250.549543677864	1354.441138453064	1438.7541978679421	1498.5039699033257	1545.4420723854989	1559.2577111221894	1568.97170151609	1554.1878362628167	1527.6162198984027	1478.7097766746219	1425.2207145508198	1373.9569886951542	1324.1962351800082	1254.284578386003	1145.0738924547911	1044.763217704118	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	533.72430410000004	607.2758937000001	690.02422929999989	870.59142899999983	1024.5121532999999	1191.9571980000001	1357.0065212999998	1521.5510761999999	1604.1307937999998	1628.6279916999999	1648.0028439999999	1643.1199664999999	1624.2450861	1597.9745002000002	1553.8510923000001	1518.0044563666665	1449.9066012000003	1382.0071753999998	1314.7490374333333	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	439.4241774401205	513.91655382269289	633.26381114118783	793.85039974523613	924.23365136055622	1157.1108434739399	1420.349079806108	1522.0050085171015	1570.6324989651862	1590.8094210370782	1595.1990881952388	1586.7560353201952	1569.3857181488513	1519.5863589460591	1498.5816918134594	1435.7772534461446	1412.9948021277362	1374.2761762583925	1305.8468631905994	1189.3777366671168	1077.4415554893681	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.6, 25% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	904.22644765752807	1209.5871156769751	1447.7860749744777	1574.0592625168588	1634.1579809324546	1705.5580029281352	1728.4398358499825	1740.9135141124343	1745.0018361063592	1744.0965878766194	1745.9811713112433	1748.5873979429255	1753.5770392812308	1758.9201715379174	1758.5356884317368	1752.0481647025126	1733.4709255155547	1713.0065561398023	1643.37126388201	1569.8182322586704	1470.2594083690612	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	556.50475911373417	663.31943418905598	890.28298401383825	1282.0912004771571	1529.7143260214032	1678.3520922615335	1752.0293579206245	1804.4024737549166	1818.3780217426463	1823.3639938018425	1826.1254679199135	1827.0086894460749	1828.287586902901	1825.5740961213419	1815.084820900877	1797.1013922965715	1738.8440758674928	1660.3892968579573	1575.7779923743481	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	665.68504384343669	941.82763865170955	1281.0682486540866	1448.0204344918895	1538.9198760758347	1644.6144294583878	1721.7304309352526	1737.8582292817186	1747.3557332436972	1753.8114398931159	1754.1801132018452	1759.3801106092342	1758.7691888521699	1764.1571255291049	1753.8587189535583	1721.1862150171694	1696.2364779714708	1673.3724485473376	1607.0884433791446	1488.3319240660785	1387.7468664267526	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.6, 50% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	813.75810981520806	1059.8867609698771	1257.9156986639564	1406.7333720247946	1515.0545225808489	1580.3031358483629	1638.8388811512013	1675.0455731937643	1695.5828605914812	1707.3539455332291	1712.0269213482543	1713.8756456731051	1708.7445731639289	1691.5020336336827	1662.5584067310895	1619.9337652519373	1584.5111199852884	1536.1641644538549	1477.7019028603911	1398.9985802082622	1313.6716334823846	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	722.64236177449595	959.76190348058958	1122.802975707144	1279.8472018025545	1405.1246228779673	1500.7416759721159	1604.6240839398392	1661.1487495721626	1709.7616059899954	1732.0584380044379	1742.0877209376376	1742.9665989427115	1751.6199061621853	1735.452826883457	1708.8392020805702	1676.6684045174225	1629.8090490132856	1555.2045831557796	1470.2943526154643	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	597.8733087800772	747.70342967495435	986.13162096993983	1174.4325343981823	1385.4101058676902	1515.4016829738434	1623.1493557866643	1636.9308683308614	1693.5306443387979	1705.883705036352	1699.4107743269381	1695.6759620318871	1684.3439831257015	1655.3982956960504	1622.2555010472481	1571.4888152321585	1516.1522920910566	1468.7969299506947	1383.6100846579882	1328.2122125788319	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.6, 75% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	451.82413612235348	527.41260239633107	684.9138801188036	928.2201107237895	1077.0888417852791	1288.3655417710602	1410.6253147069326	1494.2433744314278	1554.9022277210568	1589.2998633513657	1600.8366211704026	1606.4877159520695	1595.9475577723563	1568.2172897960015	1524.9552312736378	1478.0284704891806	1434.5762667955548	1371.9298548259233	1303.2355191067254	1202.4143255956683	1081.1581912212584	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	627.25491060636966	724.64067648613457	898.86532481369647	1033.0810410902948	1212.844432901788	1373.3650854864948	1500.59823893252	1571.5849208753486	1622.6734156059181	1655.5280808946	1684.5048806399452	1685.6407508021075	1674.4431994498977	1654.339953248561	1623.6866066630882	1567.2578252523074	1482.1860506222115	1405.0086438674489	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	474.07009148097922	548.54184488014232	721.57066493891784	898.91703394548449	1025.09737068557	1189.5660052984583	1359.3602379843783	1466.5172869920557	1546.2491788751101	1602.8402096738741	1623.5474274045507	1629.1850822741158	1611.585778880112	1584.0385795433137	1523.3692445506013	1465.8202460315872	1397.4840157602982	1335.5713443406119	1280.3094317930481	1156.6736541784887	1075.8685240211237	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.7, 25% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	1015.0536904985222	1293.3264616497952	1484.9555489633956	1642.4136002532696	1662.8485911209198	1667.4509103839828	1665.4824472012956	1655.6168058108417	1652.5631605686924	1652.3804690425854	1657.848045328326	1661.8081765335705	1667.1243590798376	1672.6631827103647	1671.6501175737008	1653.643353956691	1620.1687492390647	1565.4529926875618	1471.9711292208742	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	950.23152738137605	1307.5963486613207	1556.8313441573262	1693.8412484300952	1727.2467459609875	1736.3312787299908	1742.4973450895206	1728.5312435629885	1726.8656039755037	1731.4630692451153	1738.0967190131887	1743.1484000755602	1750.7628436541174	1739.2632458557241	1732.5060518892649	1720.141686746178	1706.1906413162455	1661.0993721593843	1587.9681207109229	BSA 10-10 	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	960.60528821710989	1261.679711833378	1514.3102039640285	1612.6492934822052	1718.8320662918049	1741.7869900571618	1742.3961883386924	1740.1944937417293	1728.3622481808891	1725.8264460018499	1722.1523250826065	1729.9975412278914	1743.8578642068355	1753.4512082782853	1757.7382319193398	1755.1578807343478	1744.7350369548592	1697.5044034436751	1622.6470861692035	1548.7742469327768	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.7, 50% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	880.24469171122371	1098.9727853820466	1313.520954110485	1451.8547940606663	1590.8985732135252	1620.5054673838665	1653.8456377098159	1661.6718242878294	1663.7444830138047	1667.272630830312	1651.5256190489904	1648.0402216076179	1645.1766222256847	1637.4281377134407	1618.8089509399404	1604.8557130358363	1599.4647281021498	1573.3236300486137	1539.561261534081	1411.5108752275996	1317.2996991683306	SA 10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	690.4109001448079	877.96323925702563	1132.7146505282276	1495.982125181411	1615.4258264528264	1686.5085486276378	1709.6051389656893	1706.6875388827186	1706.0448993161629	1706.9399209139415	1709.6435221027398	1712.9871533433634	1711.9486870241954	1707.1478512970077	1677.7619697273519	1646.5138409599565	1606.9787545321622	1543.8179666470487	1478.890979216395	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	779.00522137468442	1115.6305272329578	1295.5109864669191	1536.1703498354277	1641.2284966384955	1678.6521135491914	1693.2279833457894	1695.1154489337541	1699.3820243026673	1704.8764497090635	1706.1519551302194	1712.7507870552154	1706.7234434340792	1691.8211950142972	1664.4272782166272	1625.9621743414536	1560.5776064949175	1489.8256704448436	1422.8735400844416	Horizontal Position [mm]
In-Flame Temperature [K]
φ=0.7, 75% Flame Height 
Jet-A	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	920.1686216212106	961.95771978530433	1087.2902770990795	1251.0531312650282	1423.6176848610282	1485.2302275564591	1501.8463217024801	1538.1494539137077	1576.5399478739155	1583.771107087473	1582.6829102220859	1582.0127837013792	1570.4298154376638	1561.6626799285559	1530.4490130260033	1494.8573638239027	1461.8423241898465	1357.5142071479283	1253.4570823991903	SA 10 	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	656.65585094840196	700.72026604734367	792.49891595639679	1005.7178283400336	1243.4831001253808	1417.3871606862353	1579.1182445503343	1630.7949031016733	1648.5837797691618	1651.3667601760496	1653.6750237417898	1650.412175788837	1644.6995342149482	1634.9774225475305	1616.0118981281807	1590.1761982358692	1548.242769638237	1479.8873713191961	BSA 10-10	20	18	16	14	12	10	8	6	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	593.00045134978666	687.7165854188014	886.83425183177201	982.51353125455989	1307.9179076516737	1428.3616006339967	1536.2838276786965	1607.2679570081064	1640.3868163901911	1643.7053948211103	1655.8499180451843	1651.7241111834562	1643.3214843392675	1616.1502376127657	1560.8465468367883	1516.6352153607609	1447.8013180723003	1370.5698431225399	1298.1796677157724	1221.1832877129759	Horizontal Position [mm]
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