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The purpose of this study is to measure and compare radiation emissions from flames 

burning large hydrocarbon fuels to assist in understanding how the molecular composition 

changes radiation emissions.  Radiative heat transfer is significant because it is a primary 

mode of heat transfer for many combustion devices.  This study also provides quantitative 

data that can be available for validation of numerical efforts. 

Eleven liquid fuels were burned ranging from traditional and alternative jet fuels (e.g. Jet-

A) to single and multi-component large hydrocarbons. The latter is used to investigate the 

role of hydrocarbon classes in radiation emissions and visible soot production.  The flames 

were stabilized using a piloted turbulent diffusion burner.  The Reynolds numbers ranged 

from 7,500 – 45,000 for the various flames.  A premixed pilot flame burning ethylene and 

air was used to stabilize the central jet of vaporized fuel. The vaporized fuel exited the 

burner at 300º C.  The radiative heat flux and the radiation intensity were measured using 

a radiometer and a mid-infrared camera (FLIR, SC6700), respectively.  The radiant fraction 

(χR), or the ratio of the global radiation emitted by the flames to the chemical energy 

released, is reported for the different fuels.  For all fuels measured, χR peaks near a 

Reynolds number equal to 20,000.  The largest radiant fractions (e.g., 0.36) were observed 

for fuels with relatively large aromatic content (13-31%).  A maximum 20% decrease in 

χR was observed for fuels without aromatic content, with the exception of one single-

component alkane based test fuel being 25% lower than aromatic containing fuels.  This is 



significant because aromatic content increases soot production in flames.  These findings 

suggest that radiative heat transfer in these flames is dominated by emissions from 

molecular species (i.e. carbon dioxide and water vapor) and not from soot.  These findings 

were verified by the radiation intensity measurements.  Measurements from a subset of 

fuels (with and without aromatic content) revealed peak emissions from CO2 and H2O 

varied less than 10% between flames while soot increased nearly 60% for aromatic 

containing fuels.  Radiation intensity measurements further confirmed that CO2 and H2O 

emissions were evenly distributed throughout the flame while soot concentrations had peak 

emissions in the core of the flame.  In this region, soot volume fraction and temperature 

are the greatest.  Peak fluctuating emissions also followed this pattern, with CO2 and H2O 

emissions located close to the flame’s boundary and soot along the central flame axis. Lack 

of entrained oxidizer within the core of the flame enhances soot production, which is a 

greater issue in fuels containing aromatics. This has implications on the use of these fuels 

in gas turbine engines (GTE) both due to considerations of pollution and the lifespan of 

engines.  
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1. Introduction 

1.1. Motivation 

 

Gas turbine engines (GTE) provide thrust for most of the commercial aircraft in the world 

today and the airline industry is an integral part of today’s global economy [1].  Worldwide 

there is a need to become less dependent on petroleum based fuels while creating fuels that 

are environmentally sustainable, and “drop-in” capable to replace conventional fuels 

without affecting engine performance or the aircraft.  To be viable, alternative fuels must 

burn reliably in GTE over a range of operating pressures, be environmentally safe, be 

readily available, and have comparable energy densities to today’s petroleum based fuels.  

One aspect of alternative fuels, which has received little attention, is the quantification and 

comparison of radiative losses between alternative and conventional aviation fuels.  

Radiative heat loss is one of the dominant modes of heat transfer from flames.  Radiative 

heat loss emissions have implications for GTE component lifespan and can act as a 

precursor to increased environmental pollutants.  Increase in emissions from new fuels may 

increase the likelihood of premature damage to GTEs by excessive heating of the 

combustor liner, increased stator vane temperatures and deposit buildup on injectors, 

ultimately shortening the life expectancy of critical engine components.  Moreover, 

differences in radiation losses can alter the temperature distribution of hot gases within the 

flow, and consequently alter the production and consumption of pollutants such as soot or 

NOx.  Soot and other polycyclic aromatic hydrocarbons (PAH) developed during the 

combustion process are recognized as potential sources of pollution resulting in associated 

health effects [2]–[7].  As a consequence, the U.S. Environmental Protection Agency 

(EPA) has become increasingly stringent on air pollution standards by mandating that 

particulate matter (PM) in emissions be no greater than 2.5 micrometers [6].  In summary, 

measuring and comparing the radiation emissions in alternative and conventional fuels is 

an important consideration for engine manufacturers in designing combustors and fuel 

injection systems. 

Radiation emissions from large hydrocarbon fuels primarily consist of the molecular 

species CO2 and H2O, and soot particles.  Molecular radiation emits in discrete bands [8]–

[10] while soot behaves like a blackbody emitter [11].  Formation of soot is a common 

phenomenon with the combustion of hydrocarbon-based fuels.  Emissions from soot 
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primarily radiate within a diffusion flame core where temperatures are highest and soot 

volume fractions are in the largest concentrations.  Soot is the by-product of incomplete 

combustion that may be completely (or partially) consumed as it passes through the flame 

front.  In contrast, CO2 and H2O is formed in the flame and remain in the exhaust plume 

radiating as a function of temperature [11], [12].  

Numerous investigators have studied the combustion process of gaseous and liquid 

hydrocarbon fuels using turbulent diffusion burners and liquid pool fires.  Radiative 

emissions, soot production, and flame temperature are commonly used as metrics to 

compare fuels [8]–[22].  By altering flow conditions in different fuels, it has been 

established that turbulence in the reacting flow enhances the mixing of fuel with 

surrounding entrained air (oxidizer), which simulates conditions typically found in a GTE.  

Radiation emissions from alternative fuels are an important consideration for their use in 

the aviation industry.  This study provides a comprehensive study analyzing the radiation 

emissions from a number of vaporized large hydrocarbon fuels on a turbulent diffusion 

burner.  Turbulent diffusion burners offer a consistent configuration for evaluating 

radiation emissions.  Moreover, evaluation of radiation emissions from large hydrocarbon 

fuels aligns with interests of the International Sooting Flame (ISF) workshop [13] and 

Turbulent Non-premixed Flame (TNF) workshop [14].  Both workshops report detailed 

measurements on species concentrations and laser diagnostic measurements from gaseous 

and liquid fuels using various burner configurations over a wide range of flow parameters.  

To the author’s knowledge, this work will provide the first wide-ranging radiation data for 

either workshop for numerous large hydrocarbon fuels burned on a turbulent diffusion 

burner.  Data collected can be used in conjunction with computational fluid dynamic (CFD) 

modeling to evaluate the validity of the numerical results. 
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1.2. Objective 

With this background and motivation, the overall objectives of this project are as follows: 

1) Discover the sensitivity of heat flux distribution and flame size to a change in Re 

and fuel composition.  

2) Determine the influence of fuel composition on the radiant fraction (χR) for 

numerous large hydrocarbon fuels over a range of Re.  Conventional, alternative, single 

and multicomponent liquid fuels were considered.  This information can be useful to engine 

manufactures on emissions from alternative fuels. 

3) Discover the sensitivity of radiation intensity emissions to fuel composition and Re.  

Observe and compare average and turbulent radiation to fuel composition, Re, and emitting 

species.  This information will identify how radiative emissions vary between simple and 

complex blends of aviation fuels.  These measurements can be useful in validating 

numerical results of diffusion flames. 

 

1.3. Applications of discoveries 

1) In this study, radiant fraction measurements are taken at standard pressure and 

temperature.  These are similar conditions within a GTE during start-up, providing 

engineers with an insight into radiative losses inside the engine’s combustor and aft 

components.   

2. Radiation intensity measurements from this study can be used as validation in 

numerical modeling efforts for piloted diffusion flames burning large hydrocarbon fuels.  

Other diagnostic techniques used to measure scalar values in large hydrocarbon flames are 

limited due to sooting propensity of the flames.  Successful validation in modeling a 

canonical diffusion flame is an important step to be able to accurately model the complex 

chemical reaction pathways within a GTE.  Increased accuracy in numerical modeling may 

reduce the number of the physical prototypes required during manufacturing.  
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1.4 Thesis outline 

The remainder of the thesis is outlined as follows:   

 Chapter 2 reviews literature from previous investigators burning gaseous and liquid 

fuels on diffusion flames, pool fires, GTE, and diluted flames.  Measurements compared 

soot production, radiation emissions, and temperatures based on fuel chemistry. 

 Chapter 3 describes the experiment arrangement, diffusion burner, and provides 

summarized properties of the fuels investigated.  This is followed by detailed discussion in 

measuring χR using two different approaches.  Finally, measurements of the radiation 

intensity and turbulent fluctuation statistics are reviewed.   

 Chapter 4 reports the measured flame geometry and flow characteristics for 

different fuels.  χR is compared and discussed for all the fuels tested.  Finally, radiation 

intensity measurements and statistical analysis for a subset of flames are discussed.   

 Chapter 5 summarizes the findings from this study. 

 The Appendix provides additional detail, results from radiation measurements, and 

detail of burner layout. 
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2. Literature review 

Efforts from previous investigators have laid a foundation for this work.  The literature 

review is delivered as follows: the first section reviews the influence of fuel chemistry and 

the production of soot, as well as modeling efforts typically used for GTE.  The former is 

needed to understand changes in radiation emissions and the latter is used to establish the 

need for the data from this work.  Efforts in measuring χR from jet flames with varying 

flow geometry and fuel composition are examined.  Lastly, radiation intensity 

measurements for gaseous jet flames and liquid pool fires are reviewed. 

2.1. Fuel chemistry and modeling efforts 

Petroleum-based aviation fuel is a complex mixture of large molecular hydrocarbons with 

varying volatility.  This complex mixture effects the propensity of fuel to produce soot 

during the combustion process. Numerous investigators have studied the effects of burning 

different gaseous and liquid fuels in order to understand a fuels sooting propensity by 

comparing radiation emissions, soot volume fractions, and smoke point numbers.  As of 

late, these efforts have been used in conjunction with computation fluid dynamics (CFD) 

and other modeling efforts to predict evolution of combustion product species and radiation 

emissions inside GTE’s.   

Traditionally, efforts to predict soot emissions from various liquid fuel’s while burning in 

a GTE used a number of empirical correlations, such as relating a fuels bulk molecular 

composition and/or the laminar smoke-point, to anticipate soot emissions and combustor 

wall temperatures.  Bittner and Howard [15] investigated the complex nature of fuel 

chemistry and discussed soot production for fuels with varying chemical composition.  This 

early study found fuels with a decreased hydrogen to carbon ratio (H/C) are more likely to 

produce soot, especially under high-power loads such as  during takeoff.  Soot production 

may lead to overheating within the combustion chamber, as well as the formation of solid 

carbonaceous deposits on atomizing fuel injectors.  These deposits may distort the fuel 

spray and cause turbine damage when the deposits become detached.  Furthermore, Bittner 

and Howard compiled work involving 75 hydrocarbons fuels to assess the sooting 

propensity of each fuel in a laminar diffusion flame.  The following order was identified 
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on the basis of increasing tendency to soot: n-alkanes < isoalkanes < alkenes and 

cycloalkanes < alkynes < benzene and alkyl benzenes (e.g. aromatics) < napthalenes.  The 

order of increasing soot propensity is consistent with a decreasing H/C ratio [15].   

Similarly, Butze and Ehlers [16] operated a single can combustor under various conditions 

in order to evaluate soot production and engine liner temperature for liquid fuels exhibiting 

wide variation in chemical make-up.  Fuels burned in the combustor were composed of 

conventionally derived fuels, as well as a refined fuel from oil-shale.  Soot emissions varied 

noticeably with engine operating conditions (i.e., idle, cruise, and takeoff settings), as 

would be expected with varying temperature and pressure in the combustor inlet [17],[18].  

Combustor liner temperatures and smoke point numbers were used to assess the fuels’ 

effects on the combustor.  It was concluded that under idle conditions no difference in 

combustion liner temperature was noticed, and minimal smoke variation was observed 

between the conventional and refined fuel.  However, at simulated cruising conditions and 

takeoff, liner temperatures and smoke numbers increased with a decrease in hydrogen 

content of the fuel.  This study concluded that fuels with a lower H/C ratio could present 

severe problems with smoke emissions and liner durability [16].  This is consistent with 

work from Glassman [19] who noted that the tendency of a fuel to soot varies strongly with 

the type of flame and is fuel chemistry dependent.  C/H ratio, molecular size, and double 

bonded carbon atoms have the greatest influence on the tendency for a fuel to produce soot 

[19].   

Merchan-Merchan et al. [20] investigated soot formation in laminar diffusion flames 

burning liquid alternative biofuels derived from pure canola methyl ester oil (CME) and 

pure soy methyl ester oil (SME).  The two biofuels were burned separately in full 

concentration, and soot volume fraction and temperature were measured.  They found 

minimal variance in soot volume fractions and temperatures between the two fuels.  

Comparison of soot volume fractions from the pure alternative fuels showed an increase of 

soot production by more than 11 times compared to CH4/air flames on the same burner 

configuration [20],[21].   The increase in soot production is expected due to molecular 

complexity of the liquid fuels.  The study further blended and burned the CME biofuel 

using various ratios of No. 2 diesel fuel (similar to aviation fuel).  Results showed that as 
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blending ratios of diesel fuel increased, sooting propensity increased compared to the pure 

fuels.  It is proposed that the increase complex molecular structure of diesel fuel (saturated 

hydrocarbons and aromatics) increases the rate of pyrolysis reactions capable of producing 

more pathways for soot inception and formation [20]–[22].  Finally, the study increased 

the ambient pressure to three atmospheres and investigated soot emissions.  Results found 

that soot volume fractions increased with the increase in pressure for all fuels (and blends) 

tested.  

In the last 10-15 years, several CFD modeling efforts have been performed to improve the 

chemical reaction mechanisms inside GTE, using a standard κ-ε approach to describe the 

mean turbulence properties [23]–[25].   Most of these studies used a number of 

assumptions: (a) soot formation and oxidation rates based on measurements of non-

premixed propane and ethylene laminar flames, (b) soot oxidation by the use of pure 

oxidizer (O2), (c) and in all cases neglecting the radiant heat transfer from soot.  Many of 

these modeling attempts have failed to accurately model soot production when compared 

to results based on soot volume fractions at the exit of a combustor.  Sometimes the 

differences were as much as an order of magnitude [25].   

Recent efforts to improve the accuracy of combustion processes inside a GTE have been 

developed using large eddy simulations (LES), as opposed to the traditional approach using 

Reynolds-averaged Navier-Stokes (RANS) [26]–[33].  LES directly models large unsteady 

vortical motions within the flow and properly accounts for their mean effect on the flow.  

Large unsteady flows are necessary in gas turbine combustor as the mixing of fluid is 

driven by these vortices; therefore LES is expected to give enhanced predictions of the 

flow in comparison to RANS.  However, LES is much more computationally intensive 

compared to RANS. 

Methods to evaluate the accuracy of LES modeling are typically based on using simpler 

open jet flames with known geometries and fuel/oxidizer inputs.  Much of this work has 

been coordinated as part of an international effort (TNF and ISF) to collaborate and 

compare model validity to experimental results.  Specific experiments have been conducted 

to compare measurements to numerical chemical kinetics modeling, offering validation for 
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isolated chemical reaction mechanisms.  For example, H2 has been burned in air with 

helium dilution to provide measurements of NO as a function of temperature and with no 

radiation from soot [34].  More complex flames, CO/H2/N2 [35], and CH4/N2/H2 [36], have 

added chemical complexity, while maintaining simple jet flame fluid mechanics.  Recent 

studies have burned a series of CH4/air flames, which increase the complexity of the models 

to incorporate local extinction associated with the strong interactions of turbulence and 

chemistry [12].  The evolution of increasing complexity to the LES models is essential in 

producing robust codes to accurately model combustion science.   

2.2. Radiant fraction 

The radiant fraction (χR) is a metric for evaluating the propensity of a fuel to emit infrared 

radiation while burning.  χR is determined by taking heat flux measurements and 

determining the net radiation emitted from the flame, �̇�𝑟𝑎𝑑, and normalizing it by the heat 

release of the fuel, �̇�𝑓, 

𝜒𝑅 =  
�̇�𝑟𝑎𝑑

�̇�𝑓

. 
(1) 

�̇�𝑓 was determined by multiplying the mass flow rate of fuel by the lower heating value 

(LHV) of the fuels, �̇�𝑓 = �̇�𝐻𝑐.  In measuring χR, all fuel was assumed to convert into ideal 

combustion products releasing the maximum amount of energy. 

A 150° wide-angle radiometer detecting in the infrared spectral range was used to measure 

emissions from gaseous species and soot.  Measurements from the radiometer were taken 

from either multiple locations around the flames axis (i.e. cylindrical coordinates) [37], or 

a single fixed location (i.e. spherical coordinates) [38].  The former provides detailed heat 

flux distribution over the entire flame, but requires significant resources.  The latter uses 

fewer resources, which enables a number of fuels to be evaluated under different heat 

releases.  More detail in measuring the χR will be discussed in section 3.2.  A summary of 

χR for gaseous fuels and liquid fuels are summarized below.  Typical χR values from 

diffusion flames range from 0.03-0.5, depending on fuel molecular composition, Re, 

Froude number (Frf) and atmospheric pressure.   
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2.2.1. Gaseous fuels 

Multiple investigators have measured the radiant fraction of diffusion flames burning 

gaseous fuels.  For example, Sivathanu and Gore [39] measured and compared single point 

χR emissions from numerous gaseous jet flames.  It was concluded that single heat flux 

measurement of a flame can be used to determine χR and provides similar results to when 

multiple heat flux measurements are collected and spatially integrated.  Turns and Myhr 

[38] burned numerous gaseous hydrocarbon fuels to compare the χR from diffusion flames 

operating in the momentum dominated and buoyant dominated regime (i.e., varying flame 

Froude number, Frf).  The Frf is defined as the ratio of jet exit momentum flux to the 

buoyant force experienced by the conical flame volume of combustion gases [38][40][41].  

An increase in Frf decreases the global residence time of the flame.  Results showed χR 

increases with an increase in the global residence time (i.e., low Frf and Re, buoyant 

dominated flames), while χR tends to a common value for the shortest residence time (i.e. 

high Frf and Re, momentum dominated flames) for all fuels.  This suggests that increased 

momentum of the jet flow creates greater turbulence and enhances the combustion process 

in production of gaseous CO2 and H2O.  Hu et al. [42] burned propane buoyant diffusion 

flames using burners with different diameters and compared χR over a wide range of Re 

(135≤Re≤35,109).  Additionally, measurements were taken at atmospheric and sub-

atmospheric pressures (one and 0.64 bar, respectively).  The χR decreased with higher Re 

flames as turbulent mixing of fuel and surrounding air increased consumption of fuel.  A 

reduction in the atmospheric pressure increased χR slightly.  A dimensional scaling theory 

based on the pressure difference was proposed to interpret the lack of significant change in 

the χR at reduced pressures.  Lower ambient air density was found to affect flame volume 

and consequently the mixing of fuel and air, thus altering flame temperature and flame 

length.  Furthermore, this work measured and compared χR for lifted/detached flames at 

both pressure conditions.  Detached flames had lower χR when compared to attached 

flames.  This is attributed to air entrainment into the central core between the burner exit 

and the bottom of the lifted flame.  This entrainment of air increases the air-to-fuel mixture 

ratio and therefore reduces soot production in the core of the flame.  In the current study, 

the flame is to be fully attached at the burner exit.  This avoids any inconsistencies in the 

method to measure the radiation heat flux from all the flames.   
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2.2.2. Liquid fuels 

Several studies have measured the radiant fraction for large hydrocarbon fuels (i.e., liquid 

at room temperatures).  Typically, these studies have considered pool and oil well fires.  

Flames burning a mixture of gaseous (methane) and liquid sprayed (Alberta crude) fuels 

were reported by Dutta et al. [43].  Increasing the dilution of liquid crude oil with methane 

resulted in a lower χR, illustrating the sensitivity of χR to fuel composition and phase.  Gore 

et al. [44] measured radiation emissions from pool fires burning eight different liquid 

hydrocarbons.  The diameters of the pool fires were 4.6, 7, and 10 cm.  Fuels selected were 

known to have varying propensity to form soot.  Three alcohol based fuels were tested and 

burned as non-luminous or very weakly luminous flames. χR varied between 0.17-0.21 for 

these fuels with radiation dominated by the infrared bands from product gaseous species 

CO2 and H2O.  Additionally, four hydrocarbon fuels of varying H/C ratio were burned with 

much higher luminous flames (visible emission from soot particles).  χR for the four fuels 

ranged between 0.27 and 0.34 with no systematic trend with sooting tendency.  Work by 

McGrattan et al. [45] used much larger pool diameters (1 m to 50 m) burning highly sooting 

fuels of crude oil and kerosene.  As pool diameters increased, a decrease in χR was 

measured.  This was attributed to the flames becoming optically thick.  Optically thick 

occurs as radiation emitted from the far side of the flame is absorbed in the central core of 

the flame, instead of radiating out from the flame to the surroundings, thus reducing χR.  

Evans et al. [46] applied a modified χR technique on oil well fires to estimate the average 

liquid volume release rate of crude oil.  Single radiometer measurements were used to 

compute the net heat release by normalizing the heat flux measurements by an assumed 

heat of combustion of the liquid oil.  Analysis using this modified technique to estimate 

the heat release (and hence the flow rate) agreed strongly with prior laboratory data relating 

luminous flame height to heat release [46].  Hamins el al. [47] burned liquid fuels in pool 

fires of various diameters.  They determined the deviation in χR when measuring multiple 

heat flux measurements results compared to using single heat flux measurements. Single 

point measurements were taken at approximately half the flame height while multiple heat 

flux measurements were taken in equal axial distances.  Results found a 13% difference in 

χR between the two methods.  Using a single heat flux measurement is advantageous 
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because it reduces the time required for measurements, which can enable additional fuels 

or conditions to be evaluated.  

Table 1 outlines previous studies performed measuring the χR for gaseous and liquid fuels.  

Fuels varied in H/C content, and flow conditions.  Note, that studies measuring radiation 

emissions for large hydrocarbon fuels have primarily considered pool fires and oil well 

fires.  This study will provide radiation measurements from numerous attached turbulent 

diffusion flames burning vaporized liquid fuels across a range of Re.   

Table 1: Sample literature of radiant fraction (χR) measurements of flames burning 

gaseous and liquid fuels. 

 

The lack of radiation measurements for large hydrocarbon fuels burning at high Re is the 

motivation behind this work.  Measuring a chemically diverse set of fuels will provide data 

Flow condition Fuels χR Summary Source  

Turbulent diffusion 

with pilot flame 

(momentum and 

buoyant dominated) 

CH4, C2H6, C2H4, 

C3H8, CO, H2, 

CO/H2 

0.03-0.4 

 Multiple burner diameters and 

flame geometries   

 Higher Re and Frf resulted in 

lower χR for similar burner 

diameters   

 Single point technique was 

comparable to multipoint point 

technique 

[39][38] 

Buoyant turbulent 

diffusion flame 

without pilot flame 

CH4, C2H6, C2H4, 

C3H8, 1,3-

butadiene 

0.18-0.43 

 Higher Re flames resulted in 

lower χR  

 Radiative emissions from flames 

governed by the smoke point vs. 

heat release (Q), and results are 

normalized to a single curve 

[41] 

Turbulent diffusion 

without pilot flame 

(attached and 

detached flames) 

C3H8 0.08-0.5 

 Multiple burner diameters to 

measure χR at 1 bar and 0.64 bar 

atmosphere  

 Increasing Re decreased χR.  

Minimal change in χR at different 

pressures   

 Flame detachment from burner 

exit decreased χR 

[42] 

Pool fires 

Methanol, 

heptane, toluene, 

ethanol, kerosene, 

crude oil 

0.05-0.35 

 Multiple pool diameters to 

measure χR.  

 Very large diameters decreased 

χR 

 Single point technique 

comparable within 13% to 

multipoint point technique  

[43]–[47] 
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for engine manufactures on radiative emissions from various fuels, as well a radiation 

intensity measurements which can be used to validate modeling efforts of complex 

combustion process.  These efforts may extend the life span of GTE by improving flow 

conditions and fuel consumption.  

2.3. Radiation intensity  

Radiation intensity measurements have proven valuable in characterizing the distribution 

of line-of-sight infrared radiation emissions from flames and high temperature flows.  

These results can be used to evaluate numerical models and provide insight into the 

distribution of flows.  Blunck et al. [48] used radiation intensity measurements to evaluate 

calculated temperature and species distributions within a high temperature exhaust plume 

(non-reacting).  The peak radiation intensity occurred near the nozzle and decreased with 

axial and radial distance as the exhaust entrained surrounding air.  Rankin et al. [32] 

compared two-dimensional radiation intensity measurements from the TNF DLR-A flame 

(fuel: methane, nitrogen, and hydrogen) [14] with radiation calculations from large-eddy 

simulations.  Peak radiation intensity was observed along the centerline near 60 burner 

diameters above the flame.  It was concluded that including radiation losses within the 

numerical model is important in simulations even for flames with relativity low radiative 

heat losses (i.e., non-luminous flames).  Kapaku et al. [49] measured radiation emissions 

from soot and CO2 in turbulent ethylene jet diffusion flames.  This luminous sooting flame 

had peak intensities near 80 burner diameters downstream.  Downstream of the flame tip, 

the mean intensity decreases as cooler surrounding air is entrained into the flow exhaust 

[49].   

Radiation measurements provide insight into the contribution of emissions from 

particulates (soot) and gaseous species.  Brookes and Moss [50] burned turbulent 

methane/air diffusion flames at one pressure and three atm.  Measurements using a 

spectrometer found that the largest radiative emissions were due to high temperature CO2 

and H2O species.  It is worth noting that an increase in atmospheric pressure increased soot 

volume fraction by nearly an order of magnitude based on laser diagnostic measurements, 

suggesting a shift will occur in the balance of radiative fluxes from CO2 and H2O, to soot. 
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3. Experimental approach  

3.1. Experimental arrangement  

Figure 1 illustrates the experimental arrangements for the fuel delivery, vaporizer, and 

burner.  The burner was designed by Sandia National Laboratories (SNL), and is a one-

half scale of the Sydney Burner [13][51].  The burner has a 2.5 mm central jet surrounded 

by a 17 mm outer pilot flame.  The burner tube through which the fuel passes is more than 

50 cm long.  This length ensures that the flow is fully developed within the tube.  Details 

of the burner tube and exit configuration are shown in Fig. 1.   

 

Figure 1: Schematic of liquid-fuel burner, vaporizer, pilot flame and N2 purge (left panel).  

Illustration of the complete burner tube to scale, with enlarged jet exit and pilot plate 

(right panel).  The pilot plate has three concentric rows of pilot flame to provide uniform 

flame anchoring. 

Liquid fuel is delivered to the burner through a pair of volumetric pumps (Isco 100DX) at 

flow rates of 7 to 65 mL/min, depending on the desired Reynolds number.  The fuel is 

sprayed into a vaporizer through an atomizing spray nozzle (Delavan, 0.65 GPH – 60º A).  

The vaporizer has internal fins to enhance heat transfer to the fuel.  Four band heaters 
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(Watlow, 250W) are clamped around the vaporizers to provide heat.  Power into the band 

heaters is monitored by a set of multi-meters and controlled by a dimming circuit.  

Vaporized fuel exits the vaporizer and passes through stainless steel tubing into the burner.  

Rope heaters are wrapped around all exposed tubing, including the long burner tube, to 

maintain required temperatures and prevent fuel condensing along inner walls of tubing.  

The rope heaters are monitored by a PID controller (Omega, CN79000).  The temperature 

of the fuel at the exit of the burner jet is estimated to be 300±15º C based on measurements 

collected upstream using a type-K thermocouple.  The measurement is taken prior to the 

fuel entering the long central tube, and heat flux data was recorded when the vaporized fuel 

was greater than 285º C.  This ensures that the thermocouple does not interfere with flow 

field development within the tube.  Residence time of the vaporized fuel within the 

vaporizer and tubing ranges from 0.5-4 seconds, depending upon the flow rate.   

A pilot flame is used to prevent lift-off of the central diffusion flame. The flame burns 

premixed ethylene and air at an equivalence ratio equal to 0.9.  The pilot plate is recessed 

3.5 mm below the main jet exit.  The fuel-air mixture exits through an array of concentric 

holes [51].  Heat release from the pilot flame is less than 2% of the heat release from the 

liquid fuels, and is adjusted for each Re flame to be within 1.5-2% energy release of the 

main jet flame.  Ethylene is metered through a thermal flow controller (MKS) calibrated 

using a bubble Gilibrator, which measures the volumetric flow rate of a specified gas.  Shop 

air is metered using a rotameter after passing through an anhydrous filter to eliminate water 

vapor.    

The burner is surrounded by a co-flow of air with a cross section approximately 30 by 25 

cm.  The air flow is provided by two fans mounted on either side of the burner tube and 

angled at 45° relative to burner exit.  The air is conditioned by a series of mesh screens.  

The final mesh screen is approximately 12 cm below the nozzle exit.  The co-flow typically 

exits at an average velocity equal to 0.7 m/s (±0.2 m/s).  This is based on measurements by 

a wind-anemometer (Mastech) at 12 locations.  In a subset of the experiments, it was 

discovered that the air flow was reduced across the mesh because of blockages from soot 

being collected in the bottom screens.  Subsequent testing showed that these conditions 

decreased the flame height by less than 8 cm and caused a 3% decrease in the radiant 
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fraction.  The shift in flame height is not of concern because the flame height is measured 

for each test and the radiometer was placed in the same normalized location.  Further 

investigation using fuel A1 found that  without co-flow air, height for the flames decreased 

approximately 10-15 cm (flame size ranged from 85-105 cm) for all Reynolds number.   

Ten of the eleven liquid fuels tested in this study were provided by the Air Force Research 

Laboratory (AFRL) along with comprehensive analysis of the chemical constituents using 

gas chromatography (GCxGC).  The analysis provides molecular constituents by liquid 

volume, the lower heating value (LHV) and liquid density.  Due to the complex mixtures 

of the fuels, and the need to determine the viscosity of the vaporized fuels, a maximum of 

three molecular constituents were used when determining the vaporized fuel properties.  

These constituents were simplified into three types of molecule classifications using 

Cardinal Greek prefixes to establish the number of carbons atoms in the molecule: 

aromatic, alkane, and cycloparaffin (similarly known as cycloalkanes). 

Details for fuels during this study and their simplified chemical constituents, mole 

fractions, molecular weight, liquid density, estimated vapor viscosity and lower heating 

value are provided in Table 2.  The molecular constituents and their corresponding 

properties for each large hydrocarbon fuel used in estimating the vapor viscosity are shown 

in Table 3 [52].  Fuels (A1-A3) tested had numerous molecular constituents and are 

conventional jet fuels.  A two-component surrogate fuel (A4) was burned to evaluate 

combustion characteristics between the conventional fuel A1 and the surrogate fuel.  Planer 

laser induced fluorescents (PLIF), laser-induced incandescence (LII), particle-image 

velocity (PIV) and narrow-angle radiometer measurements of the surrogate fuel A4 have 

been extensively measured [51].  Two alternative fuels (C1 & C3) were measured to 

compare radiation emissions to that of conventional fuels.  Test blend fuels (C2, C4 & C5) 

had various aromatic contents (0-31%) and consisted of two or three molecular constituents 

(e.g. various length alkanes and aromatic); this allows comparing sooting tendency and 

radiation emissions.  A greater than 95% pure alkane fuel, dodecane, (C6) was also 

evaluated to compare emissions from other fuels without aromatics.  The designation of 

fuels provided by AFRL (e.g., A1, C1, etc.) is maintained for consistency. 
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An eleventh liquid fuel (Jet-A) was acquired from a local municipal airport.  Details into 

the exact molecular constitutes by volume within the fuel were not known.  This fuel was 

assumed to have similar molecular constituents and enthalpy of combustion of 

conventional fuel A2.   
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Table 2: Properties of the eleven liquid hydrocarbon fuels.  Enhanced gas 

chromatography (GCxGC) provided detailed molecular components and a corresponding 

surrogate blend was created for each fuel, outlined in column 4.  Measured properties of 

each fuel are listed in column 5, 9 and 12, while columns 10 and 11 are empirically 

calculated values for vapor states.   
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A1 >80 

13% Aromatic Benzene 

2.02 

0.259 78.1 

140 780 2.95 1.01 X 10-5 43.1 67% Alkane Dodecane 0.522 170.3 

20% Cycloparaffin Cyclodecane 0.219 140.3 

            

A2 >80 

18% Aromatic Benzene 

1.94 

0.325 78.1 

131 804 2.77 1.06 X 10-5 43.3 50% Alkane Dodecane 0.354 170.3 

32% Cycloparaffin Cyclodecane 0.32 140.3 

            

A3 >80 

21% Aromatic Benzene 

1.9 

0.353 78.1 

125 827 2.64 1.09 X 10-5 43 32% Alkane Dodecane 0.211 170.3 

47% Cycloparaffin Cyclodecane 0.437 140.3 

            

A4 2 
23% m-Xylene m-Xylene 

1.88 
0.356 106.2 

148 790.5 3.14 9.70 X 10-6 43.1 
77% Dodecane Dodecane 0.644 170.3 

            

C1 2 
78% Dodecane Dodecane 

2.16 
0.821 170.3 

180 761 3.82 8.59 X 10-6 43.9 
22% Hexadecane Hexadecane 0.179 224.3 

            

C2 2 
13% Benzene Benzene 

1.8 
0.303 78.1 

162 782 3.43 9.03 X 10-6 43.6 
87% Tetradecane Tetradecane 0.697 198.4 

            

C3 >80 

14% Aromatic Benzene 

1.97 

0.265 78.1 

136 808 2.88 1.03 X 10-5 43.3 54% Alkane Dodecane 0.4 170.3 

32% Cycloparaffin Cyclodecane 0.335 140.3 

            

C4 3 

44% Decane Decane 

2.18 

0.485 78.1 

160 760 3.38 9.16 X 10-6 43.8 49% Dodecane Dodecane 0.463 170.3 

  7% Hexadecane Hexadecane 0.052 224.4 

            

C5 2 
31% Benzene Benzene 

1.93 
0.496 78.1 

110 770 2.34 1.14 X 10-5 42.8 
69% Decane Decane 0.504 142.3 

            
C6 1 >95% Dodecane Dodecane 2.17 1 170.3 170 749 3.61 8.86 X 10-6 44.5 

            
Jet-A Similar to fuel A2 

 



18 
 

Table 3: Hydrocarbon molecular species used in this study for estimating physical 

properties of conventional and alternative fuels. 

Component Formula 

MW 

[g/mol] 

HC_LHV 

[MJ kg-1] 

ΡLiquid 

[kg m-3] 

µ at 300° C 

(10-7 kg/m-s) H/C 

Decane C10H22 142.3 44.7 730 9.72E-06 2.20 

Dodecane C12H26  170.3 44.5 750 8.85E-06 2.17 

Tetradecane C14H30 198.4 44.2 765 7.99E-06 2.14 

Hexadecane C16H34 226.5 43.8 773 7.63E-06 2.13 

Benzene C6H6 78.1 36.8 876 1.44E-05 1 

m-Xylene C8H10 106.2 38.8 868 1.20E-05 1.25 

Cyclodecane C10H20  140.3 43.9 871 1.04E-05 2 

 

 

The vaporized fuel is expected to act like an ideal gas since the temperature is well above 

the boiling point for all fuels tested.  Thus the density of the vapor mixture can be 

determined using the ideal gas law [53],  

𝜌 =
𝑃 ∗ 𝑀𝑊𝑚𝑖𝑥

𝑅𝑢 ∗ 𝑇
, 

 

(2) 

where P is the pressure, MWmix is the molecular weight of the surrogate mixture, T is the 

temperature, and Ru is the universal gas constant.  Dynamic viscosity (µvapor) for the vapor 

mixture of the multi-component species was calculated using the Wilke’s relation [54],  

μ
𝑣𝑎𝑝𝑜𝑟,𝑚𝑖𝑥

=  
μ

1

1 + (𝑥1 𝑥2⁄ )Φ12

+
μ

2

1 + (𝑥2 𝑥1⁄ )Φ21

,  

(3) 

where µi is the viscosity of constituent i, 𝑥i is the corresponding mole fraction of the 

constituent, and the dimensionless Φ𝑖𝑗 is defined as the following [53],   

Φ𝑖𝑗 =  
[1 + (μ

𝑖
μ

𝑗
⁄ )

0.5

(𝑀𝑖 𝑀𝑗⁄ )
0.25

]
2

(4 √2⁄ )[1 + 𝑀𝑖 𝑀𝑗⁄ ]
0.5

, 

 

(4) 

where i and j indicate the specific molecular species, and M is the molecular weight of the 

species.  Corresponding vapor properties are established from Physical and 

Thermodynamic Properties of Pure Compounds [52].  Using the ideal gas law and Wilke’s 

relation may not be entirely accurate in estimating the actual vapor density and viscosity, 

but it allows for a common method.   
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Reynolds number (Re) is defined using the liquid mass flow rate of the fuel (ṁ), vapor 

viscosity (µmix), and the exit diameter of the burner (Djet).  The liquid density was reported 

from the GCxGC analysis. 

𝑅𝑒 =
𝜌 ∗ 𝑉𝑗𝑒𝑡 ∗ 𝐷𝑗𝑒𝑡

𝜇𝑣𝑎𝑝𝑜𝑟

=
4 ∗ ṁ

𝜋 ∗ 𝐷𝑗𝑒𝑡 ∗ 𝜇𝑣𝑎𝑝𝑜𝑟

. 
 

(5) 

Flame Froude number (Frf) was calculated to estimate the effects of buoyancy from the 

heated gases within the flame, which have an influence on fuel consumption rates through 

turbulent mixing, and is defined below [38], 

𝐹𝑟𝑓 =
12 ∗ ṁ ∗ 𝑉𝑗𝑒𝑡

𝑔 ∗ 𝑊𝐹
2 ∗ 𝐿𝐹 ∗ (𝜌∞ − 𝜌𝑓𝑙𝑎𝑚𝑒)

, 
 

(6) 

where ṁ is the mass flow of the fuel, Vjet is the jet exit velocity of the vaporized fuel, WF 

is the width of the flame, LF is the length of flame, g is the gravitational constant, and ρ is 

density.  Flame density is estimated assuming the majority of product gases is molecular 

N2 gas at 1500-2500 K.  When Frf<1 the flame is buoyant dominant, while Frf>1 suggests 

the flame is momentum dominant.   

3.2. Radiant fraction measurements 

3.2.1. Radiometer 

Radiation heat flux measurements were acquired using a wide-angle radiometer 

(Medtherm, 64-0.2-20).  The radiometer has a 150° viewing angle with a Barium Flouride 

(BaF2) window transmitting radiation between 0.5 and 10 µm with 90% transmittance.  No 

amplification circuit was used to increase the voltage from the radiometer as the data 

acquisition (DAQ, Omega 2408) had 24-bit resolution and could pre-programmed with 

expected voltage ranges.  Calibration of the radiometer was performed at the factory and 

is <2% of measured heat flux.  The radiometer is water cooled using a closed-loop system.  

Radiometer measurements were time-averaged for 150 seconds or more at each location.   

3.2.2. Multipoint and single-point measurement approaches 

Two separate methods were used to measure the net thermal radiation emissions from the 

flame, �̇�𝑟𝑎𝑑.  The first method used multiple heat flux measurements, in which the 
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radiometer was traversed axially and radially along the flame [37], [44].  This provided a 

detailed heat flux profile for the flames and was used to provide confidence in the single 

point measurement approach.  Fig. 2 illustrates the measurement approach for traversing 

the radiometer axially and radially relative to the flame.  The radiometer was traversed 

axially in 15 cm increments parallel to the flame axis at a fixed radius of 50 cm from the 

jet centerline.  Radial measurements along the burner exit plane were taken in 5 cm 

increments starting at 5 cm from the jet burner centerline.  The axial and radial heat flux 

measurements were integrated around a control surface to determine the thermal radiative 

energy losses from the flames [37]. 

 

Figure 2: Illustration of the location of heat flux measurements used to determine the total 

radiation losses from the flame using multiple measurements. 

 

Equations 7 represents the total radiative heat transfer emitted from a flame measured using 

multiple axial and radial radiometer measurements.  This method is referred to as the 

multipoint (MP) radiant fraction approach in this work, and is defined as, [37],  

 �̇�𝑟𝑎𝑑 = 2π ∫ 𝑅𝐹 ∗ 𝑞"(𝑅) ∗ 𝑑𝑅 + 2𝜋 ∗ 𝑅𝐹 ∫ 𝑞"(𝑍) ∗ 𝑑𝑍
𝑍𝐹

𝑍𝑜

𝑅𝐹

𝑅0

. 
(7) 

Here, R is the radial heat flux measurements taken along the burner exit plane, and Z are 

the axial heat flux measurements taken a distance of 50 cm from jet exit centerline.  RO is 

the inner most radial measurement beginning at 5 cm from the burner exit, RF is the furthest 

radial measurement at 50 cm, ZO is the first axial measurement beginning at burner exit, 

and ZF is the highest axial measurement (1.80 m).  ZF was chosen such that the entire flame 
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was always captured within the view factor of the radiometer.  The first integral sums all 

the heat flux through the bottom of the control surface, and the second integral sums all the 

heat flux through the lateral surface of the control surface.  The top portion of the integrated 

area (of the cylinder) is ignored, consistent with literature [37].   

The second method to compute χR was based on measuring the heat flux at a single point 

(SP) [38].  The advantage of using a single heat flux measurement is the ability to analyze 

multiple fuels across a wider range of Re with fewer resources.  The total radiation emitted 

from the flame is determined by taking the single heat flux measurement and integrating 

around a spherical control surface, 

𝜒𝑅 =  
𝑞"4𝜋𝑅2

�̇�𝑓

, 
(8) 

where R is the radius from jet centerline.  The SP method was introduced by Turns and 

Myers and is derived based on scaling considerations of momentum-dominated flames 

[38].  Heat flux measurements were acquired at half the visible flame height at a distance 

of 50 cm from the flame centerline.  This height corresponded to the location where the 

heat flux is maximum (within 5%).  The flame height was determined using a digital 

camera (D-LSR) with a 10 second exposure time set with the largest f-stop on the camera 

to prevent over-saturation of the image.  The visible time-averaged images were used to 

measure the flame height at the flame tip as well determine the width of the flame.   

Uncertainty analysis in measuring the single point χR was based on instrumental bias error 

and precision error, and the associated error estimates are listed below in Table 4.  The 

Kline-McClintock method was used to determine the bias uncertainty in the measurements 

[55].  The largest source of bias error was associated with the fuel metering system, where 

a maximum of 3% error was estimated from numerous catch and weigh measurements.  

The radiometer heat flux measurement had a 2% bias error based on the manufacturer’s 

specification.  Additional sources of error considered to have an impact on χR is the 

radiometer distance to flame centerline.  Sources of error not considered is uncertainty in 

the enthalpy of combustion measurement, and the dc conditioning voltage signal between 

the radiometer and DAQ.  The total bias error measured for a select number of fuels and 
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Re indicated χR varies <4% when considering the described uncertainties, and can be 

shown in figure 10.  Error in χR due to absorption of radiation through the BaF2 window is 

anticipated to bias the radiant fraction measurements lower by approximately 10%, 

considering most of the flame radiation is emitted in the spectral range through the window 

onto the detector.  It may be plausible to add approximately 10% to the χR measurement to 

account for transmission losses by reason of all fuels measured used the identical 

radiometer and window. Precision uncertainty analysis in measuring χR for a subset of three 

flames at specific Re (A1 at Re=20,000, A2 at Re=20,000, & A3 at Re=35,000) was taken 

over numerous testing sessions.  Sixteen measurements were recorded for each fuel at a 

minimum of 150 seconds and applied against a student’s t-distribution at 95% confidence.  

Analysis identified precision error results to be <0.5% for the three flames.  This provides 

confidence in the repeatability of the measurement technique.   

Exit Re of the high temperature vaporized fuel is more complex to measure, and is based 

on physical instrumental bias error of the fuels pump (3%), diameter of the jet exit is 

assumed to be within 2% of manufactured diameter, and the use of correlations as a 

function of temperature to estimate vapor density and viscosity of the fuels.  Errors in Re 

was determined to be <5% for all fuels and Re.  This calculation does not include precision 

analysis.  It should be noted that error in the Re may be larger based on the actual physical 

density and viscosity of the vaporized fuel, as fuels were simplified into three simple 

hydrocarbon surrogates to represent the actual fuel chemical composition.  Accurately 

estimating the density and viscosity of the vaporized hydrocarbon fuels is beyond the scope 

of the current work. 

Table 4: Associated bias and precision errors in measuring χR, and error in computed Re. 

χR Uncertainty Analysis 

 

Re Uncertainty Analysis 

Liquid fuel pumps 3 % 

 

Liquid fuel pumps 3 % 

Radiometer 2 % 

 

Temp ±15 ° C 

Distance 0.0005 m 

    Precision n > 15 
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Error in the flame length is unknown.  According to Turns [11], there is no concrete way 

on determining the actual flame height.  Efforts by researches have used long exposure 

visible photography as the more common method to measure the height of flames.  

However, the exact height can be difficult to measure and is up to interpretation based on 

color scales within the photo. 

Error and accuracy of the Frf is unknown.  The adiabatic flame temperature for many of 

these fuels is approximately 2200 K, however the actual flame temperature is unknown 

throughout the flame, especially with air entrainment.  Further, the estimated density of the 

product species is required to measure the Frf.  The product species in this analysis are 

assumed to be N2 at flame temperature.  This assumption using N2 may be the largest source 

of error.  Frf  is thus calculated at a number of flame temperatures to approximate the value.  

3.3. Radiation intensity measurements 

A mid-infrared camera (FLIR SC-6700) was used to take quantitative time-resolved and 

time averaged measurements of the radiation intensity emitted by flames burning a subset 

of fuels listed in Table 2.  Fuels A1, A4, and C6 were chosen for their diverse chemical 

composition and singular component chemical make-up.  All fuels were burned with a Re 

of approximately 20,000, with exception of fuel C6 which was also burned at Re of 

approximately 30,000.  Three bandpass filters were used to isolate radiation emissions 

primarily from: CO2 (4.37±0.02 μm), H2O (2.71±0.03 μm) and soot (3.41±0.30 μm).  The 

camera was placed 162 cm from the flame centerline and traversed vertically to collect 

measurements at five flame heights.  Each camera measured approximately 20 cm of the 

flame at each location.  This allowed for a spatial resolution of 0.2 mm2 for each pixel at 

the flame centerline.  The integration time was varied between 5-30 μs to optimize the 

camera sensitivity at the different heights, with two integration times selected per flame.  

Longer integration times were used at the jet exit and at the highest measurement location.  

Conversely, shorter integration times were used in the three middle regions of the flame, 

where intensities are much greater.  The sampling frequency was constant at 133 Hz.  

Below in Fig. 3 illustrates the spatial layout of the camera with respect to the flame.  Fig. 

4 illustrates the integration time ranges chosen per region.  Additional radiation intensity 

measurements from fuels A3, C1 and C5 are shown in the appendix for CO2 and soot filters. 
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Figure 3: Schematic for experimental arrangement used to measure radiation intensity 

from the turbulent flames. 

 

Figure 4: Radiation intensity measurement layout for five equal regions over the entire 

flame and corresponding range of integration times which were used (µs).  Integration 

times are longer at the jet exit and highest frame region, and shortest for the middle 

region where intensities are greater.  Distance from flame centerline to camera lens is 162 

cm. 

The camera measures an integrated radiation intensity represented as,  

𝐼 = ∫ 𝛼λ𝐼𝜆𝑑𝜆
𝜆𝑘

𝜆𝑗
, (9) 
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where the limits of integration are the spectral range of the filter.  αλ accounts for the losses 

through the optics and the spectral response of the camera’s detector.  Thus the measured 

radiation is what reaches the detector.  The camera was calibrated using a blackbody to 

determine the radiation intensity.  The distance between the blackbody and the camera 

matched that between the flame and camera to approximate for transmission losses from 

CO2 and H2O in the room.  The spectral response of the detector, and transmission losses 

through the lens and filter were considered in the calibration. This work provides the first 

two-dimensional radiation intensity measurements for large hydrocarbon fuels with 

varying aromatic content.   

Nearly 4000 frames were acquired at each camera position and time-averaged to illustrate 

the distribution of radiation intensity emitted by the flame and plume region.  The average 

intensity,   

𝐼𝑚𝑒𝑎𝑛 =  𝐼 ̅ =  
1

𝑁
∑ 𝐼𝜆

𝑁
𝑖=1 , (10) 

is constant for stationary turbulence.  The average intensity provides insight into the 

distribution of radiation emissions for differences species.  N represents the number of 

measurements and Iλ is the spectral intensity within the spectral region of the camera’s 

detector.  The root mean square (RMS) of the measurements indicates the magnitude of 

fluctuation in the radiation intensity and is described as [56], 

𝐼𝑅𝑀𝑆 =  
1

𝑁−1
[∑ (𝐼𝑖 − 𝐼𝑚𝑒𝑎𝑛)2𝑁

𝑖=1 ]1/2. 

 

(11) 

The RMS provides detail into the fluctuations of radiation intensity emissions throughout 

the flame.  Different band pass filters will illustrate where radiating species are emitting 

within the flames evaluated. 
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4. Results 

The results section begins by outlining the visible flame geometry, which is important for 

calculating χR and flame Froude number (Frf).  This is followed by χR measurements from 

multiple heat flux locations, and a single heat flux location.  Multiple axial and radial heat 

flux measurements provide accurate heat flux distribution for one Re and fuel, while a 

single axial measurement allows for the measurement of numerous Re and fuels.  Lastly, 

average and fluctuating radiation intensity measurements are presented for selected fuels.  

Measurements are reported use three narrowband filters to distinguish the distribution of 

radiation emissions from soot, CO2, and H2O.  

4.1. Flame Characteristics 

Visible images taken with fast shutter photography allow for visualization of characteristic 

flame wrinkling.  Ethylene jet flame (Re=4,500) and a conventional large hydrocarbon jet 

flame (Re=20,000) are shown below in Fig. 5, with the large hydrocarbon fuel (right panel) 

having greater wrinkling due to the higher Re.  Ethylene (left panel) was burned to provide 

initial results prior to large hydrocarbon fuel testing.   

 

Figure 5: Visible images using fast-shutter photography of gaseous ethylene flame 

burning at Re=4,500 and a large hydrocarbon fuel (A1) flame burning at Re=20,000. 
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The visible flame height and width are shown in Fig. 6 for selected fuels to prevent clutter 

in the figure (refer to Table 2 for chemical analysis).  The visible flame height and width 

increase with Re.  The visible height varies less than 15% for all flames across all Re, 

whereas the flame width varies less than 25%.  Flame C6 (>95% dodecane) were the 

longest flames while flame width was average.  Flame A3 (conventional fuel with 21% 

aromatic content), was typically the widest while nearly being the shortest.  Aromatic 

containing fuels appeared to be wider than flames containing alkanes.  Flow rate analysis 

revealed aromatic containing fuels had higher volumetric flow rates with lower vapor 

densities compared to alkane-based fuels.  These properties have influence on the 

momentum of the flow reacting with near-quiescent air.  Error in the flame height may be 

as much 5% based on the long exposure photography and determining the exact value for 

flame height.     

 

Figure 6: Flame height (top panel) and width (bottom panel) measurements for six 

chemically diverse large hydrocarbon fuels.   



28 
 

Calculated Frf for fuels C5 (31% aromatic by liquid volume) and C6 (>95% dodecane by 

liquid volume) are shown in Table 5 to reveal the impacts of buoyancy effects on a flame.  

Density for the exhaust products above the flame is calculated using the ideal gas law (eq. 

2) and N2 at 1500-2500 K.   

Table 5: Flame Froude number (Frf) for two chemically diverse fuels at various 

temperatures centered around the adiabatic flame temperature. 

 

T = 1500° C T = 2000° C T = 2500° C 

Re 

Fuel 

C5 

Fuel 

C6 

Fuel 

C5 

Fuel 

C6 

Fuel 

C5 

Fuel 

C6 

10,000 0.43 0.15 0.41 0.15 0.4 0.14 

15,000 0.67 0.29 0.64 0.27 0.63 0.27 

20,000 0.88 0.42 0.84 0.4 0.82 0.39 

25,000 1.16 0.56 1.11 0.54 1.08 0.53 

30,000 1.42 0.68 1.37 0.66 1.33 0.64 

35,000 1.69 0.91 1.62 0.87 1.58 0.85 

Calculated flame Frf for both fuels at low Re are well in the buoyant regime, and these 

flames had visibly buoyant characteristics; i.e. flame velocity was unsteady well above the 

burner exit from the burning of the fuel.  As Re increases, flame C5 transitioned from 

buoyant-dominate flow to momentum-driven flow at a lower Re than flame C6.  Increased 

flow momentum enhances flame turbulence, and reduced time and length scales.  

Decreased time scales increase the mixture of fuel and oxidizer, resulting in more energy 

release.  It appeared flame C6 was buoyant dominant for all Re tested (Frf<1).  The 

reduction in momentum reduces mixing between fuel and air, suggesting aromatics may 

enhance mixing based lower viscosity and higher mass flow rates.  Further studies are 

required to estimate the effects of fuel chemistry. 

4.2. Heat Flux Distribution 

Heat flux measurements from two chemically diverse large hydrocarbon fuels, Jet-A and 

C1, were taken over numerous axial and radial locations in order to calculate χR.  Liquid 

fuel Jet-A was acquired from a local municipal airport (CVO) and chemical properties were 

estimated based on data available for fuel A2 (nominal jet fuel).  This provides evaluation 
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of a typical jet fuel (18% aromatics by liquid volume).  Liquid fuel C1 is an alternative fuel 

composing mostly of alkanes with <1% aromatics by liquid volume.  Axial and radial heat 

flux profiles for the fuels are shown in Fig. 7 and 8, respectively.  Jet-A was measured at 

two flow rates to compare variation in χR for an increased Re (20,000 and 30,000), while 

fuel C1 was burned at one flow rate to match a Re = 20,000.   

Axial heat flux measurements show the distribution for the radiative heat flux emitted from 

the three flames.  The fuels Jet-A and C1 have peak heat fluxes observed near 180 burner 

diameters above the burner for the three flames.  This is nearly one-half of the visible flame 

height.  The heat flux decreases monotonically from the peak value to near zero at a height 

greater than 750 burner diameters above the burner, or about 2 visible flame heights.  The 

peak heat flux from the C1 fuel was 10% less than the corresponding Jet-A fuel.  This is 

attributed to fuel C1 having <1% aromatic content.  Aromatics are precursors to soot 

production, and increased soot production increases the concentration of radiative species 

in the flame.  Jet-A at Re = 30,000 has the highest peak heat flux for all the fuels evaluated 

(30% greater), yet has similar heat fluxes more than 600 diameters downstream.  The 

increase in peak heat flux is attributed to higher heat release from the jet flame and larger 

flame volumes for radiative emissions to radiate to the detector. 

The axial heat flux profile are similar to heat flux measurements (using a narrow view 

angle) reported for a surrogate jet fuel to replicate JP-8, an equivalent of Jet-A.  This 

surrogate was burned at a Re = 20,000 and is modeled by fuel A4 in this study (see Table 

2) [51].   
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Figure 7: Axial heat flux distribution for jet-A at Re=20,000 and 30,000 and C1 at 

Re=20,000. 

Radial heat flux distribution for the three flames described above are below in Fig. 8.  The 

heat flux decreases with radial distance for all flames as the radiometer is moved the edge 

of the imaginary cylinder.  For all fuels at a distance of 200 nozzle diameters, the heat flux 

decreases by nearly a factor of 3, and the two Re=20,000 flames have similar heat flux at 

200 burner diameters.  The radiometer at this location is no longer underneath the flame 

and only a fraction of radiation is impinging the detector.  Jet-A at Re=30,000 had the 

highest heat flux nearest the burner while C1 had the lowest heat fluxes for the liquid fuels.  

The former flame was the largest volume and the highest heat release.  This accounts a 

significant increase of measured radiation compared to the two flames at Re=20,000.  

Flame C1 was the narrower than the Jet-A flame, resulting in the smallest heat flux closest 

to the burner exit. 
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Figure 8: Radial heat flux distribution for jet-A at Re=20,000 & 30,000 & C1 at 

Re=20,000. 

4.3. Radiant Fraction 

The χR determined from the multi-point (MP) and single-point (SP) measurement 

approaches are presented in Table 6 for large hydrocarbon fuels Jet-A and C1.  The two 

approaches agree within 8%, and moreover trends in radiation emissions were captured.  

This provided confidence in using the SP method for measuring χR for other fuels  

Irrespective of the measurement approach, the Jet-A flame with a Re = 20,000 had a 5% 

higher χR than the Re = 30,000 flame.  This is consistent with results reported for sooting 

gaseous fuels where increased Re results in a lower χR [38].  As the Re increases, the 

relative radiative losses from the flame begin to decrease.  This can result from the 

increased turbulent mixing within the flame region.  Increased turbulence enhances mixing 

of the fuel and air.  This process is enhanced by the reduction in Kolmogorov time and 

length scales, which increase fuel consumption as entrained air and fuel have more reactive 

surface area [11][38][57].  As a result, fuel consumption converts to gaseous species CO2 

and H2O, rather than developing into soot and PAH intermediates.  It is also plausible that 

the optical thickness increases (because of self-absorption) as the size of the flame size 

increases for higher Re; thus the measured χR is decreased as radiation emissions are 

absorbed within the flame interior consisting of high temperature gaseous species and fuel.   
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It is noted that the χR for fuel C1 and Jet-A at Re = 20,000 agree within 10% despite both 

fuels having <1% and 18% aromatic content by liquid volume, respectively.  This similarity 

in χR is attributed to emissions from CO2 and H2O dominating radiation losses from the 

flames, as will be described later.   

Calculating the MP χR did not require using measurements from the top radial portion of 

the imaginary cylinder based on two factors: results from the axial and radial measurements 

reveal the axial measurements account for nearly 85% of the total radiation measured.  

Inspecting the distance from peak intensity, it is assumed peak flame intensity occurs along 

the centerline at 180 burner diameters above the burner exit.  The top portion of the cylinder 

is 750 burner diameters, thus the top portion of the cylinder is nearly 570 burner diameters 

from peak flame intensity.  This is nearly three times further between the bottom to top 

portion from peak intensity.   A factor of three reduces the flux through a control volume 

by a distance squared.  From this simple analysis, we could assume to see approximately 

10 times less radiative losses from the top portion of cylinder.  This is quite insignificant 

considering the bottom contributes approximately 15% of the total Qrad term for χR.     

Table 6: Comparison of multi and single point jet flame radiant fractions for two fuels 

Fuel �̇�𝒇[KW] Re # 

Multi-point 

Results 

Single-point 

Results 

Percentage 

difference 

Jet-A 17 20,000 0.39 0.36 8 

Jet-A 25 30,000 0.37 0.34 8 

C1 16 20,000 0.36 0.34 6 

 

 

Single point χR measurements for the ten large hydrocarbon fuels are shown in Fig 9.  The 

top panel displays results from the conventional aviation fuels tested, A1, A2 and A3, along 

with fuel A4, a surrogate fuel created by SNL to replicate the chemistry of JP-8 [51].  The 

conventional fuels contain a relatively large volume fraction of aromatics (13-21% by 

liquid volume).  The bottom panel displays measurements from burning alternative and 

alternative-like fuels, C1-C6.  The alternative fuels contain 0-31% aromatic content by 

liquid volume.     

For all fuels evaluated the 0.23 < χR < 0.36 as the Re was varied from 7,500 to 45,000.  As 

Re increased from 7,500 to 20,000, χR increased nearly 20% for all flames.  Peak χR 
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measurements for all fuels occur around Re=20,000, with the largest χR equaling 0.36 for 

the C5 and A3 fuels.  Fuels C5 and A3 have 31% and 21% aromatics, respectively.  At the 

same Re, alternative and test blend fuels with <1% aromatics (C1, C2, and C4) measured 

0.32 < 𝜒𝑅 < 0.34.  Thus, there is a 5-10% increase in the χR for fuels containing aromatics, 

despite a disproportionate change in aromatics.  This shows that approximately one-third 

of the heat released chemically was radiated to the surroundings.  As the Re increased 

further for all fuels, χR decreased, and is similar to the trends found in [38] for increasing 

Re.  Liquid fuel C6 (>95% dodecane) had relatively low χR, with a peak χR < 0.28, which 

is nearly 25% lower compared to fuels A3 and C5 at similar Re.  It is unclear why this neat 

alkane fuel burned with such a low χR.  Based on flame Frf number and visible flame 

examination, the C6 flames appeared to be in the buoyant dominated regime.  Due to these 

buoyant conditions, it is plausible the flame did not thoroughly mix with air, reducing the 

consumption of fuel.  Any fuel that did burn may have been converted into CO2 and H2O 

and soot production was minimal based on the C/H ratio.   
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Figure 9: Single point radiant fraction measurements for large hydrocarbon conventional 

fuels (top panel) and alternative/test blend fuels (bottom panel). 

 

Uncertainty for the χR bias measurements are shown below in figure 10.  Total bias error 

was <4% based on values discussed in table 4, while precision error was <0.5%.  The 

effects of the bias error can be largely reduced with an enhanced steady state liquid fuel 

pump.  Further, accuracy in χR could be increased with enhanced knowledge of the vapor 

density and viscosity.  
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Figure 10: Bias uncertainty measurements for selected points to prevent clutter.  The 

largest source of error was in the liquid fuel pump.  Other large sources of error that are 

difficult to identify is the actual vapor density and viscosity of each fuel.   

 

4.4. Radiation intensity  

Time-resolved and time-averaged radiation intensity emissions from C6 flame using the 

CO2 bandpass filter are shown in Fig. 11.  The left and middle panels are representative 

time-resolved measurements while the right panel is the average radiation intensity emitted 

by the flame. Note that time-resolved images from each location were collected at different 

times and spliced together.  In the time-resolved measurements, localized high intensity 

regions are separated by low intensity regions.  Turbulent mixing of the fuel, air and 

combustion products causes the production of CO2 and cycling between products, fuel 

(non-emitter), and oxidizer (non-emitter).  The flame becomes increasingly wrinkled 

beginning around 150 burner diameters and extending through the entire length of the 

flame, with peak intensities no longer present above 300 burner diameters.  In the time-

averaged measurements, relatively low intensity regions are apparent near the burner exit 

(i.e., 0<X<50) where line-of-sight paths through the flame are the shortest, and CO2 mole 

fractions are the smallest.  This is consistent with results reported by Rankin et al. [31][32] 

for gaseous sooting flames.  Further downstream (50<X<200), peak intensities become 

largest with peak intensity occurring near 200 burner diameter.  Above 200 burner 

diameters, intensity began to decrease as air is further entrained into the flame and the path-

lengths through the flame decrease.  Infrared emissions for flame height are evident at 
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approximately 350 burner diameters downstream (for given integration time of the 

camera), which compares within 10% to the visible flame height.  Flame width from the 

time-average measurements show peak emissions approximately 50 burner diameters 

wide, which is nearly identical in width when compared to the visible long exposure photo 

taken for spatial calibration.  

 

Figure 11: Time-resolved (left panel) and time-averaged (right panel) radiation intensities 

for fuel C6 at Re = 20,000, using a 4.37±0.02 μm (CO2) filter. 

Time-averaged measurements of radiation intensity emitted by C6, A1, and A4 flames are 

presented in Fig. 12-14 with the three bandpass filters used to isolate radiation primarily 

emitted from CO2, H2O, and soot, respectively.  The three fuels chosen are chemically 

diverse with aromatic content ranging between 0–23% by volume.  The measurements 

provide insight into the distribution of radiation emissions from radiating species within 

the flames.  The two panels on the left are C6 burned at two flow rates (Re=20,000 and 

Re=30,000), while the right two panels are fuels A1 and A4 are burned at Re=20,000.  The 

horizontal lines represent the image field of view of the camera for each portion of the 

flame [32].  Caution must be exercised in comparing the magnitude of the intensities 
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between the three filters because of the differences in the spectral bandwidth.  Nonetheless, 

the distribution of emissions and changes in the radiation intensity for different fuels or Re 

can be compared for the different filters. Peak radiation intensity is observed between 150-

300 burner diameters downstream of the burner exit for all fuels.  The relative size of peak 

radiation intensity (i.e., yellow in color scale) is the largest for the emissions from CO2 and 

H2O, and the smallest for soot.  This occurs because the majority of the soot is consumed 

through the flame sheet whereas CO2 and H2O are not.  Table 7 outlining fuel flow 

properties (energy release and mass flow rate) can be found in the appendix.    

Table 7: Summary of the properties of the fuels whose radiation intensity was measured. 

Fuel Fuel chemistry Re 
 Hc, LHV 

(MJ/kg) 

Q ṁ 

(KW) (kg/s) 

C6 >95% dodecane 20,000 44.5 15.7 3.53E-04 

C6 >95% dodecane 30,000 44.5 23.6 5.30E-04 

A1 18% aromatic 20,000 43.1 17.1 3.97E-04 

A4 23% aromatic 20,000 43.1 16.7 3.87E-04 

Radiation emissions from CO2 are similar for the Re=20,000 flames for the three fuels, 

with an increase in peak emissions by the Re=30,000 C6 flame.  For similar Re flames, 

peak intensity varies less than 10%, with C6 peak emission being the highest at 87 W/m2-

sr, while A4 being the lowest at 80 W/m2-sr.  The higher Re flame for flame C6 increased 

peak emissions to 96 W/m2-sr, or a 10% increase in peak emissions compared to C6 at 

Re=20,000.  The latter observation occurs because of the longer path length through the 

flame.  The similarity in emissions from CO2 for the three similar Re flames is not 

surprising considering that the ideal mole fraction for CO2 in the exhaust agree within 5% 

and peak temperatures are similar.  χR between the three similar Re flames varied by 25%, 

with χR for the aromatic containing fuels A1 and A4 varying less than 5%.   

Radiation emission distribution from H2O for the four flames have similar trends to 

radiative emission distribution from CO2 emissions.  Similar Re flames had peak intensity 

from H2O varying less than 5%, with C6 peak emission at 250 W/m2-sr, while the lowest 

measured emissions were from flame A1 peak emission measured at 245 W/m2-sr.  

However, an increase in Re for flame C6 decreased peak emissions to 225 W/m2-sr, or 8%.  

This is contrary to the CO2 filter where an increase in Re for the C6 flame increased peak 
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emissions.  Comparable to emissions from CO2, the similarity in H2O emissions from the 

Re=20,000 flames are not surprising considering the ideal mole fractions for H2O 

production are within 5%  

For all fuels burned at Re=20,000, peak emissions from CO2 and H2O agreed within 10%.  

Large differences in radiation emissions were observed when using the soot filter.  For 

similar Re flames, radiation intensities from soot are up to 60% greater for the aromatic 

containing fuels, with peak intensity emission from A1 fuel being 360 W/m2-sr, while C6 

fuel is measured at 210 W/m2-sr.  The higher Re flame for fuel C6 increased peak emissions 

from soot by <5%.  Peak intensity from flame A4 measured at 280 W/m2-sr.  Peak intensity 

emissions from soot along the axial height varied slightly between the flames, with flames 

A1 and A4 being the shortest at approximately 175 diameters above the burner exit.  In 

contrast, both Re C6 flames had peak intensity emissions at approximately 225 burner 

diameters, or 23% longer.  This is noteworthy because the visible flame height between 

flames A1 and C6 flames agree with 10%.   

In summary, analysis from radiation intensity emissions using the three different bandpass 

filters show evenly distributed emission profiles about the flame for CO2 and H2O.  

However, there was considerable variation between the flames when emissions from soot 

were measured.  Note that between fuels A1 and A4, the peak radiation intensity from soot 

varied by roughly 22%, despite only 5% change in χR.  Further, radiation intensity analysis 

for the three similar Re flames and the corresponding χR measurements confirm emissions 

varied approximately 25%, with fuels A1 and A4 (13% and 23% aromatic content by 

volume, respectively) having much higher radiative losses compared to fuel C6 (<1 % 

aromatic).  Radiation intensity emissions from CO2 and H2O for the three flames suggest 

that global thermal radiation emissions for these flames are dominated from high 

temperature gaseous species (i.e., CO2 and H2O), and not soot.  This hypothesis is further 

supported considering that the χR varied by roughly 25% for all other fuels evaluated, 

despite fuels having large differences in aromatic content resulting in a nearly 60% 

difference in peak emissions for flames C6 and A1.  Ideal mole fraction production of CO2 

and H2O for all fuels vary by less than 5%.  However, the propensity to form soot was 

vastly different based on aromatic content and visible observations of sooting tendencies. 
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Figure 12: Time-averaged radiation emissions from CO2.  Left two columns are flame C6 

burning at Re=20,000 and Re=30,000.  The right two columns are fuels A1 and A4, 

burning at a Re=20,000.  Note a variation in the intensity from the color bar between the 

bandpass filters. 

 

Figure 13: Time-averaged radiation emissions from H2O.  Left two columns are flame C6 

burning at Re=20,000 and Re=30,000.  The right two columns are fuels A1 and A4, 

burning at a Re=20,000.  Note a variation in the intensity from the color bar between the 

bandpass filters. 



40 
 

 

Figure 14: Time-averaged radiation emissions from soot.  Left two columns are flame C6 

burning at Re=20,000 and Re=30,000.  The right two columns are fuels A1 and A4, 

burning at a Re=20,000.  Note a variation in the intensity from the color bar between the 

bandpass filters. 

It should be noted the integration times used for these flames.  The integration time for the 

camera was varied between the different filters, fuels and region within the flame, and is 

shown in Table 8.  Integration times were varied based on the detectors memory, where 

the dynamic range is 14 bits.  To reduce uncertainty, and to prevent saturation of the 

detector, the integration time was finely tuned to capture approximately 12,000 photon 

counts per pixel.  This insures the sensitivity of the detector is optimized. 

Calibration of photon counts to radiation intensity requires the use of a blackbody source 

with an emissivity near 0.99.  During calibration, the distance between the camera lens and 

blackbody source are equal to the centerline of the flame, and the integration times are 

matched for each filter and region.  Radiative losses through the lens, filter and the detector 

response are considered, hence the number of photons captured by the detector is calibrated 

to account for these losses during measurements. 

The integration time was separated into two time scales for each flame and filter, 

abbreviated as IT1 and IT2.  IT1 corresponds to the three central regions of the flame, while 
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IT2 corresponds to the upper and lower regions of the flame where radiation intensities are 

lower compared to the former in the middle region of the flames.  

Measuring radiation emissions from CO2, integration times between the regions and fuels 

was varied slightly for all flames and Re.  For all fuels, IT1 ranged between 0.06-0.075 µs, 

while IT2 ranged between 0.09-0.1 µs.  Similarity in the integration times between the fuels 

(despite a variation in aromatic content) is expected as product mole fraction between the 

flames were within 5%.    

Measuring radiation emissions from H2O, the integration time varied significantly in the 

outer regions (IT2), but varied slightly in the central regions (IT1).  For all fuels, IT1 ranged 

between 0.0496-0.06 µs, whereas IT2 region remained 0.15 µs for C6 flames and ranged 

between 0.08-0.085 µs for the aromatic containing fuels, nearly a factor of 2 difference 

between the two fuel types. 

Lastly, measuring radiation emissions from soot, the integration time was varied similarly 

to the integration times used for the H2O filter.  In the central regions of the flames, the 

aromatic containing fuels required an integration time between 0.00832-0.00848 µs, while 

the C6 fuel required a longer integration time between 0.01008-0.01152 µs.  Large 

differences in the outer IT2 regions were necessary, as aromatic containing fuels required 

shorter integration times varying between 0.012-0.015 µs, while the non-aromatic 

containing fuel C6 had one integration time of 0.03008 µs, nearly a factor of 2 difference 

between the two fuel types.  The aromatic containing fuels are expected to be highly 

sooting, and thus have higher radiate infrared emissions, resulting in shorter integration 

times. 

Integration time is shortest for the soot filter because of the large bandwidth compared to 

the shorter bandwidths of the CO2 and H2O filters.    

Although the integrations are similar in the IT1 regions, this inherent difference in the time 

scale can affect the RMS measurements.  Longer integration times may appear to increase 

the fluctuations within the flame when comparing filters.   
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Table 8: Integration time were varied to measure to measure radiative emissions for 

different filters, regions, fuels, and flow conditions. 

 

CO2 H2O Soot 

 
 

IT1 IT2 IT1 IT2 IT1 IT2 

 C6 - Re=20,000 0.07008 0.10 0.0496 0.15008 0.1152 0.03008 𝜇s 

C6 - Re=30,000 0.060 0.09008 0.0496 0.15008 0.01008 0.03008 𝜇s 

A1 - Re=20,000 0.06496 0.09008 0.060 0.08496 0.00848 0.01504 𝜇s 

A4 - Re=20,000 0.07504 0.10 0.060 0.080 0.00832 0.012 𝜇s 

Root mean square of fluctuations of the radiation intensity emitted by C6, A1, and A4 fuel 

turbulent diffusion flames are shown in Figs. 15-17 using CO2, H2O, and soot filters, 

respectively.  Contrast between measurements using the three filters demonstrate 

differences in the contribution of fluctuations in radiation emissions from the radiating 

species.   

Fluctuations in the emissions from CO2 are shown in Fig. 15.  Peak fluctuations occur near 

the edges of the visible flame and are observed a height of 150-300 burner diameters.  

Fluctuating intensities are similar for all flames, with a <10% decrease in emissions for 

fuels containing aromatics.  Intensity fluctuations are minimal along the central flame axis 

due to the long path length through the flame, which dampens fluctuations in intensities.  

Above the peak fluctuating intensity regions, radiation intensity fluctuations decrease as 

product concentrations and temperature decrease as air is further entrained. 

Fluctuations in the emissions from H2O are shown in Fig. 16, and are similar to that of 

CO2.  Similar Re flames had peak emissions within 10%, whereas an increase in Re for 

fuel C6 decreased peak emissions by nearly 20%.  This furthers shows an insensitivity of 

emissions from CO2 to fuel composition.  Aromatic containing fuels A1 and A4 are 

noticeably shorter when compared to flames generated by C6.  Comparisons in fluctuations 

from CO2 and H2O reveal peak emissions from H2O are located closer along the jet axis 

centerline, as opposed to CO2 having fluctuations further from the central jet axis.  This is 

most evident with flame C6 at Re=20,000, where emissions from H2O appear to be within 

40 burner diameters while emissions from CO2 reveal fluctuating peak emissions at or 

beyond 40 flame diameters.  The offset in emissions from CO2 and H2O is attributed to the 

latter having a shorter time-scale for formation.  
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Relatively large differences in radiative fluctuations between the fuels were measured 

using the soot filter and are shown in Fig. 17.  Peak intensity fluctuations were measured 

near 125-225 burner diameters downstream for all flames, with emissions located relatively 

close to the centerline, not further away at the outer flame boundaries as typically found 

when using the CO2 and H2O filters.  The regional size of fluctuations from soot are much 

smaller for all flames compared to the CO2 and H2O filter.  This occurs because soot is 

within the flame sheet and is primarily consumed as it passes through the sheet.  Fuel A1 

has the greatest fluctuating intensity, nearly double that for the C6 fuel.  This occurs 

because of the greater concentration of soot with the former flame due to the larger 

aromatic content.  It should be noted that little to no visible soot passed through flame sheet 

for flames C6, while A1 had larger amounts of visible soot through the flame sheet.  

 

Figure 15: Root mean square radiation emissions from CO2.  Left two columns are flame 

C6 burning at Re=20,000 and Re=30,000.  The right two columns are fuels A1 and A4, 

burning at a Re=20,000.  Note a variation in the intensity from the color bar between the 

bandpass filters. 
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Figure 16: Root mean square radiation emissions from H2O.  Left two columns are flame 

C6 burning at Re=20,000 and Re=30,000.  The right two columns are fuels A1 and A4, 

burning at a Re=20,000.  Note a variation in the intensity from the color bar between the 

bandpass filters. 

 

Figure 17: Root mean square radiation emissions from soot.  Left two columns are flame 

C6 burning at Re=20,000 and Re=30,000.  The right two columns are fuels A1 and A4, 

burning at a Re=20,000.  Note a variation in the intensity from the color bar between the 

bandpass filters. 
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The root mean square normalized to the mean intensity along the central jet axis 

downstream of the burner exit from the three bandpass filter are shown in Figs. 18-20.  For 

all fuels and filters, below 50 burner diameters downstream the normalized intensity 

increased towards a plateau, where normalized emissions are steady between 50-200 

burner diameters.  Above 200 burner diameters, normalized results from all three filters 

increase.  Normalized emissions from CO2 above 200 burner diameters are the lowest.  This 

is attributed to self-absorption of CO2 which would dampen fluctuating emissions.  

Normalized emissions from H2O above 200 burner diameters are larger compared to CO2, 

possibly due to less self-absorption.  Normalized emissions from soot above 200 burner 

diameters increases greatly compared to the gaseous species.  This is attributed to CO2 self-

absorption between camera and flame, as well as different heat transfer characteristics of 

soot (compared to CO2 and H2O), where soot still maintains temperature as cooling effects 

are different between soot and gaseous species.  Large periodic fluctuations of high 

temperature soot passing through the flame sheet causes the normalized RMS to become 

much larger in magnitude compared to the CO2 analysis.  The shapes of the RMS 

normalization for the CO2 and soot filter agree with Rankin et al., where luminous gaseous 

diffusion flames has a plateau region 100-150 burner diameters above the jet exit.  Above 

200 burner diameter, fluctuations become more apparent as cool air is entrained causing 

sudden decreases in intensity [32].   

 

Figure 18: Centerline analysis from the of root mean square normalized to the mean 

centerline for the radiation emissions from CO2 
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Figure 19: Centerline analysis from the of root mean square normalized to the mean 

centerline for the radiation emissions from H2O. 

 

Figure 20: Centerline analysis from the of root mean square normalized to the mean 

centerline for the radiation emissions from soot. 

These RMS normalized measurements highlight the sensitivity and variation in heat 

capacity between CO2, H2O, and soot.  Inspecting fuels C6 and A4 at Re=20,000, A4 has 

23% aromatics which increases soot production, while fuel C6 contains no aromatics.  The 

increased soot production from A4 results in more intense fluctuations closer to the burner 

exit as entrained cool air lowers exhaust temperature, as shown on the plot.  Soot also has 

a much higher heat capacity due to its larger mass, and thus can contain more energy than 

the gaseous species.  This is significant because soot absorbs energy from the combustion 

process, and then radiatively releases this energy onto the combustor components and aft 

components of the GTE.   
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5. Summary and Conclusion 

Measuring radiative emissions from aviation fuels can provide engineers with insight into 

the distribution of emissions based on fuel chemistry and Re.  With the use of a canonical 

diffusion burner and a chemically diverse set of fuels, modeling efforts can be validated to 

these radiation measurements.  Once models have been calibrated, they may more 

accurately predict the chemical kinetics of the reacting flows and distribution of radiative 

emissions within a GTE, resulting in enhanced combustor designs and possibly reducing 

the number of physical prototypes necessary for testing.  Further, by measuring the 

differences in radiative emissions from conventional and alternative fuels can provide 

guidance into expected gaseous and soot emissions.  This study measures radiation 

emissions at standard temperature and pressure, which is similar conditions to GTE at start-

up. 
 

This current study provides radiation emissions form conventional and alternative aviation 

fuels.  Global radiation measurements from this study provide insight the amount of energy 

released as radiation when the fuel is burned in an exothermic combustion reaction at one 

atmosphere.  It was measured that nearly 1/3 of the chemical energy of the large 

hydrocarbon fuel was released as radiation to the surroundings.  However, there was only 

a slight variation between fuels with and without aromatics.  This information on energy 

loss can provide engineers insight into expected radiative losses in the combustor when a 

GTE is at start-up. 
 

Inspecting radiation intensity measurements for specific fuels at fixed Re revealed the 

variation in emissions from different species, as well as how the radiative emissions 

occurred at different locations.  Lastly, turbulent fluctuation measurements provided details 

into how fuel aromatic content affected peak emissions throughout the flame.  These 

measurements can help engineers validate modeling efforts for liquid fuels.  Modeling 

efforts can provide design engineers with more accurate flow predictions within a GTE, 

helping to reduce the number of prototypes required during manufacturing.    

 

Future work would benefit from measuring and analyzing radiation intensity for a number 

of diverse fuels across a range of Re using different burner diameters.  Measuring χR with 
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various burner diameters can help distinguish the impact of flame optical thickness has 

radiation traversing the flame core.  Lastly, performing these measurements in various 

atmospheric conditions could help identify sooting tendencies based on aromatic content.   

In summary, this study is one of the first to measure radiation emissions from aviation and 

aviation-like fuels using a canonical diffusion burner.  The fuels evaluated had similar 

lower heating value and liquid densities, yet the aromatic content ranged from 0-31% by 

liquid volume.  This work provides visible flame heights and widths for a subset of flames, 

the radiant fraction for all fuels, as well as two-dimensional radiation intensity 

measurements for fuels with and without aromatic content.  These measurements provide 

experimental data for use as validation of numerical modeling efforts, insights into the role 

and distribution of radiation emissions from CO2, H2O, and soot, and information regarding 

the propensity of aviation fuels to transmit heat through radiation.    

Visible flame geometry was recorded for a subset of flames.  Flame length and width 

increased with an increase in Reynolds numbers (Re) with flame heights of 300 and 420 

burner diameters for Re equal to 10,000 and 40,000 respectively.  Similarly, the width 

increased as Re increased with widths of 40 and 80 burner diameters at Re 10,000 and 

40,000 respectively.  Flame width increased with fuels containing aromatic content, 

however there was no discernable correlation in flame height between fuels based on 

aromatic content.  As expected, the overall volume of each flame increased with increased 

fuel mass flow rate, as a result from the subsequent expansion of high temperature 

combustion gases.  

The radiant fraction (χR), which is the global radiation emitted from the flames normalized 

to the heat release, was measured using two techniques; multipoint and single point 

measurement approaches.  The multipoint method required measurement of the axial and 

radial heat flux distributions of three flames burning two fuels (Jet-A and C1).  The axial 

heat flux distribution showed steady increase in heat flux above the burner until peak heat 

flux was observed near 180 burner diameters above the burner exit, or nearly one-half the 

visible flame height.  The axial heat flux decreased monotonically from the peak value to 

near zero at a height greater than 750 burner diameters.  Radial heat flux distribution 
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decreased steadily for all flames, with a reduction from peak intensities by a factor of 3 at 

more than 200 burner diameters.  The aromatic containing fuel Jet-A (18% by volume) had 

a 10% higher peak axial heat flux and a 25% peak radial heat flux when compared to fuel 

C1 (<1% aromatic by volume) at similar Re.  A 50% increase in Re for fuel Jet-A increased 

the peak heat flux, while reducing the measured χR.  χR measurements using the multipoint 

method were later compared to a single axial measurement approach.  Comparison between 

the two methods agreed within 8% for the three flames evaluated and the trends in 

sensitivity to fuel composition and Re was captured.  This validated the single point 

measurement approach for determining χR across a range of Re for all fuels tested.   

Single point χR measurements were evaluated for ten fuels spanning the range of 7,500 ≤ 

Re ≤ 45,000.  The χR had a similar dependence on Re for the different fuels, with peak 

thermal radiative losses occurring near Re=20,000.  χR measurements agreed within 20% 

for nine of the fuels evaluated across the range of Re, despite aromatic content varying 

from 0-31%.  Peak χR was measured at 0.36 for the aromatic containing fuels A3 and C5.  

At these conditions, approximately 1/3 of the chemical energy released was transferred to 

the surroundings through radiation. An experimental fuel (C6), which is >95% pure 

dodecane, had a peak χR = 0.25.  As anticipated, aromatic containing fuels had larger 

radiation emissions resulting from larger soot volume fractions within the flame.  

Increasing the Reynolds number beyond 20,000 decreased the global thermal radiative 

losses for all of the fuels.  Beyond Re≥40,000, only seven fuels were able to be effectively 

measured without flame detachment.  When burning at Re≥40,000, fuels had radiative 

losses ranging between 25-32%. 

Radiation intensity measurements were collected for three fuels (A1, A4, & C6) with 

similar heat releases, but with and without aromatics.  These measurements were used to 

discover the distribution and contribution of radiation emissions from gaseous species CO2 

and H2O, as well as from soot.  Four flames were studied, with the three fuels evaluated at 

Re=20,000, while a fourth flame (C6) was burned at Re=30,000 (i.e., a 50% increase in 

heat release).  Fuels A1 and A4 provided a comparison between a conventional and 

surrogate fuel, while fuel C6 allowed comparison of the distribution of radiation emissions 

from CO2, H2O, and soot for a large hydrocarbon fuel with no aromatic content. 



50 
 

Measurements from the CO2 and H2O bandpass filters demonstrated that radiation 

emissions from all four flames were evenly distributed and symmetrical about the flame 

centerline between 50-200 burner diameters downstream of the jet exit.  Above 200 burner 

diameters emissions began to decrease as entrained air decreased the temperature of the 

combustion gases.  Peak intensities for the similar Re flames were within 10% despite the 

range of fuel compositions.  An increase in Re increased peak emissions from CO2 by 10% 

for the same fuel and decreased the intensity for H2O by 8%.  The similar intensity 

measurements over the range of fuel chemistries is in agreement with ideal mole fractions 

of CO2 and H2O, which are within 5% concordance for all fuels.  

Radiation measurements for soot emissions showed peak emissions in the central region of 

the flame (spanning less than 40 burner diameters), in contrast to the relatively even 

distribution of emissions throughout the flame from emitting gaseous species.  Aromatic 

containing fuel A1 (21% aromatic content) had 60% higher radiative intensity 

measurements compared to the non-aromatic fuel C6 (>95% dodecane) evaluated at similar 

Re.  This is in contrast to a 22% difference in χR between these two fuels.  Moreover, the 

peak radiation intensity emitted by soot for A1 and A4 varied by 22%, while the χR varied 

by 5% for these two fuels.  There was relative insensitivity of χR between fuels A1 and A4, 

despite the large range of radiation emissions from soot and the similar intensities emitted 

by CO2 and H2O. These findings suggest that the latter are the dominant participating 

medium for thermal radiation emissions from these flames.   

Fluctuations in the radiation intensity illustrate differences between the radiating species 

and fuels.  Peak fluctuating intensities for all filters were observed near the edges of the 

visible flame, where path lengths are shorter and radiation is less likely to be dampened 

within the central region of the flame.  The measurements revealed peak fluctuating 

intensities from CO2 occurring 150-300 burner diameters downstream of the burner exit.  

Peak fluctuating emissions from CO2 were from flame C6 at Re=30,000.  Aromatic 

containing fuels, A1 and A4, have slightly lower fluctuating emissions (<10%).  

Fluctuating emissions from H2O were similar to that of CO2, with peak emissions occurring 

in the range of 150-300 burner diameters downstream of the burner exit.  However, 

emissions from H2O were located closer to the jet axis centerline compared to CO2.  Peak 
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fluctuating emissions from H2O were from flame C6 at Re=20,000.  When Re was 

increased to 30,000 for this fuel, emissions from H2O decreased.  Fluctuating emissions 

from the gaseous species CO2 and H2O revealed aromatic containing fuels had peak 

emissions approximately 50 burner diameters shorter compared to fuel C6.  Fluctuating 

intensities from soot revealed the highest emissions were from fuel A1, with peak 

emissions nearly 60% greater when compared to fuel C6 at similar Re.  Fluctuating 

intensities occurred very close to the central jet axis where temperature are the greatest.  

Fuels C6 at Re=20,000 had higher peak emissions from soot emissions compared to the 

similar fuel burned at Re=30,000.  These results show that fuels containing higher 

concentrations of aromatics have greater fluctuating emissions from soot, whereas CO2 and 

H2O emissions are reduced, in comparison to low aromatic fuels.  
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7. Appendix 

7.1. Liquid fuel and volumetric energy density considerations of alternative fuels 

Recent efforts to compare the volumetric energy content and liquid phase compatibility for 

alternative fuels was examined by Chuck and Donnelly [58], and Hui and Edwards [59].  

The former highlighted nine new methods for producing aviation fuel from various 

methods (Fisher-Tropsh process, biomass, alcohols and fermentation) resulting in 

hydrocarbon, ester, and oxygenated based fuels.  The emphasis of this work was the life 

cycle analysis (LCA) in producing the alternative fuels, as well as measuring physical 

properties such as liquid viscosity as a function of temperature, freezing point, liquid 

density, and energy density (minimum 42.8 MJ kg-1).  The investigation found the principal 

detriment to many of the tested fuels is the reduction in the volumetric energy content 

(liquid density times energy density).  Reductions in the volumetric energy content requires 

more fuel to be carried by the aircraft in order to compete with the current Jet-A energy 

content.  Of the nine fuels testes, only one fuel (which one) met all the minimum aviation 

specification of Jet-A.  This study references numerous other tests and requirements for 

aviation like fuels used by the Federal Aviation Administration (FAA), but those 

certification marks are beyond the scope of this paper.  
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7.2. Prior radiation measurements  

Earlier radiation intensity measurements not reported here were presented at Western 

States Combustion conference in Provo, Utah in September 2015.  Measurements were 

taken from four flames burning at a Re=20,000.  Two fuels contained aromatics (A3=21% 

and C5=31%), while fuel C1 was an alternative fuel produced by Gevo (Alcohol-to-Jet) 

and contained <1% aromatic.  The last fuel, an experimental blend of >95% dodecane.  

Measurements from the experimental fuel compared well (<5% peak intensity) with the 

measurement from the experimental dodecane fuel in this report.   

The method used to produce these first images is obsolete compared to results presented in 

this paper.  The first method extracted each frame from the recorded data and performed 

mean and RMS calculations on N frames.   The second method extracted information from 

the movie file and stored it in RAM before processing statistical calculations.  Using the 

second method saved the exporting time (~2 hours) and computer hard drive space (~15 

gigabytes) per region of flame.  This was advantageous in saving resources.    
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Time-averaged radiation emissions from CO2.  All flames are burned at approximately 

Re=20,000.  Left two columns are aromatic containing fuels.  The two columns on the 

right is an alternative blend C1, and experimental fuel (>95% dodecane), respectively. 
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Time-averaged radiation emissions from soot.  All flames are burned at approximately 

Re=20,000.  Left two columns are aromatic containing fuels.  The two columns on the right is an 

alternative blend C1, and experimental fuel (>95% dodecane), respectively. 
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Root mean square radiation emissions from CO2.  All flames are burned at approximately 

Re=20,000.  Left two columns are aromatic containing fuels.  The two columns on the 

right is an alternative blend C1, and experimental fuel (>95% dodecane), respectively. 
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Root mean square radiation emissions from soot.  All flames are burned at approximately 

Re=20,000.  Left two columns are aromatic containing fuels.  The two columns on the 

right is an alternative blend C1, and experimental fuel (>95% dodecane), respectively. 
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Additional measurements not reported are χR for ethylene flame burning at Re=4,500.  

Based on the flow of this report, it was decided to discuss results in the appendix.  Lack of 

a larger flow metering device limited the Re flame.  The flame was highly buoyant with a 

Frf=0.17, and a measured χR=0.25.  Measurements on the radiometer were not steady due 

to large fluctuations generated from the flame.  These measurements instabilities observed 

by SNL in their report for flames ethylene flames with Re≥15,000.   

 

 

 

 

 

Axial and radial heat flux measurements from an ethylene turbulent diffusion flame 

ethylene.    
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7.3. GCxGC analysis provided by the Air Force Research Laboratory 

Hydrogen content (weight %) 14.0 

Average Molecular Wt (g/mole) 159 

"average" Jet A, "A-2" POSF-10325 

  Weight % 

Aromatics   

Alkylbenzenes   

benzene (C06) <0.01 

toluene (C07) 0.16 

C2-benzene (C08) 1.11 

C3-benzene (C09) 3.03 

C4-benzene (C10) 3.33 

C5-benzene (C11) 2.23 

C6-benzene (C12) 1.32 

C7-benzene (C13) 0.76 

C8-benzene (C14) 0.52 

C9-benzene (C15) 0.30 

C10+-benzene (C16+) 0.14 

Total Alkylbenzenes 12.90 

    

Diaromatics (Naphthalenes, Biphenyls, etc.)   

diaromatic-C10 0.22 

diaromatic-C11 0.66 

diaromatic-C12 0.86 

diaromatic-C13 0.41 

diaromatic-C14+ 0.18 

Total Alkylnaphthalenes 2.33 

    

Cycloaromatics (Indans, Tetralins,etc.)   

cycloaromatic-C09 0.03 

cycloaromatic-C10 0.28 

cycloaromatic-C11 0.67 

cycloaromatic-C12 0.93 

cycloaromatic-C13 0.86 

cycloaromatic-C14 0.45 

cycloaromatics-C15+ 0.22 

Total Cycloaromatics 3.43 

    

Total Aromatics 18.66 

    

Paraffins   

iso-Paraffins   

C07 and lower-iso 0.18 

C08-isoparaffins 0.55 

C09-isoparaffins 1.20 

C10-isoparaffins 4.07 

C11-isoparaffins 5.68 

C12-isoparaffins 5.41 

C13-isoparaffins 4.27 
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C14-isoparaffins 4.16 

C15-isoparaffins 2.41 

C16-isoparaffins 0.98 

C17-isoparaffins 0.38 

C18-isoparaffins 0.11 

C19-isoparaffins 0.05 

C20-isoparaffins 0.01 

C21-isoparaffins <0.01 

C22-isoparaffins <0.01 

C23-isoparaffins <0.01 

C24-isoparaffins <0.01 

Total iso-Paraffins 29.45 

    

n-Paraffins   

n-C07 0.14 

n-C08 0.56 

n-C09 1.45 

n-C10 3.29 

n-C11 4.31 

n-C12 3.74 

n-C13 2.80 

n-C14 2.03 

n-C15 1.02 

n-C16 0.42 

n-C17 0.20 

n-C18 0.04 

n-C19 0.01 

n-C20 <0.01 

n-C21 <0.01 

n-C22 <0.01 

n-C23 <0.01 

Total n-Paraffins 20.03 

    

Cycloparaffins   

Monocycloparaffins   

C07-monocyclocycloparaffins 0.33 

C08-monocyclocycloparaffins 0.80 

C09-monocyclocycloparaffins 2.27 

C10-monocyclocycloparaffins 4.57 

C11-monocyclocycloparaffins 5.42 

C12-monocyclocycloparaffins 3.77 

C13-monocyclocycloparaffins 3.73 

C14-monocyclocycloparaffins 2.06 

C15-monocyclocycloparaffins 1.27 

C16-monocyclocycloparaffins 0.43 

C17-monocyclocycloparaffins 0.18 

C18-monocyclocycloparaffins 0.04 

C19+-monocyclocycloparaffins 0.02 

Total Monocycloparaffins 24.87 
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Dicycloparaffins   

C08-dicycloparaffins 0.04 

C09-dicycloparaffins 0.45 

C10-dicycloparaffins 0.46 

C11-dicycloparaffins 1.63 

C12-dicycloparaffins 1.72 

C13-dicycloparaffins 1.50 

C14-dicycloparaffins 0.79 

C15-dicycloparaffins 0.14 

C16-dicycloparaffins 0.02 

C17+-dicycloparaffins 0.02 

Total Dicycloparaffins 6.78 

    

Tricycloparaffins   

C10-tricycloparaffins 0.02 

C11-tricycloparaffins 0.07 

C12-tricycloparaffins 0.11 

Total Tricycloparaffins 0.21 

    

Total Cycloparaffins 31.86 

Average Molecular Formula - C 11.4 

Average Molecular Formula - H 22.1 

 
Example data sheet from the NJFCP April 13, 2015 report for fuel A2.  This research effort 

on investigating alternative fuels is lead Washington State University, Pullman, and MIT, 

Cambridge.  The program researches feedstock development, environmental benefits, 

aircraft deterioration and wear, and fuel performance testing.  Aircraft noise, emissions and 

impacts, modeling, and technology are also funded.  The program is called ASCENT 

(Center of Excellence for Alternative Jet Fuels and Environment), and is funded by FAA, 

NASA, DoD, DoT.  Personal note: I recall being in Pullman in 2011 for my last term and 

having a conversation in the Memorial Union building with a graduate researcher 

collaborating on this program.  Go Cougs! 
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7.4. Developed flow rates and resulting radiant fraction measurements 
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7.5. Vapor viscosity calculations 

Properties in the molecular constituents within the fuels were found in the Physical and 

Thermodynamic Properties of Pure Compounds handbook.  Wilke’s equation was used to 

measure vapor viscosity. 
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7.6. Radiation intensity code used in Matlab to create figure 11 

clc 
clear all 
close all 

  
% Two time dependent images and 1 time average image combining code  
% Dodecane POSF 12339 
% 4300 +/- 020 Mum CO2 filter 
% Calibration for two integration times: 1 1 1 1 2 
% f(x) = m*x + b 

 
c1 = 0.0115; 
c2 = -15.381; 
c3 = 0.0067; 
c4 = -11.5242; 

  
% Image 1 processing 
% Row splicing, column offset with NaN filling, & spectral calibration 
n0 = 1; 
n1 = 14; 
n2 = 15; 
n3 = 105; 
n4 = 45; 

 
% Individual frames 
N0_0 = flipud(csvread(sprintf('CO2_N0_735_0.csv'))); 
N0_1 = flipud(csvread(sprintf('CO2_N0_735_1.csv'))); 
N1_0 = flipud(csvread(sprintf('CO2_N1_736_0.csv'))); 
N1_1 = flipud(csvread(sprintf('CO2_N1_736_1.csv'))); 
N2_0 = flipud(csvread(sprintf('CO2_N2_737_0.csv'))); 
N2_1 = flipud(csvread(sprintf('CO2_N2_737_1.csv'))); 
N3_0 = flipud(csvread(sprintf('CO2_N3_738_0.csv'))); 
N3_1 = flipud(csvread(sprintf('CO2_N3_738_1.csv'))); 
N4_0 = flipud(csvread(sprintf('CO2_N4_740_0.csv'))); 
N4_1 = flipud(csvread(sprintf('CO2_N4_740_1.csv'))); 

  
% Spatial transformation 
End = 581; 
jetWidth = 5.4;                                 %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
X=X'; 
Y = 0:1:2161; 
Y = Y'/jetWidth; 

  
dataAve_A = N0_0; 
A = dataAve_A*c3+c4; 

  
dataAve_B = N1_0; 
B = dataAve_B*c1+c2; 

  
dataAve_C = N2_0; 
C = dataAve_C*c1+c2; 
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dataAve_D = N3_0; 
D = dataAve_D*c1+c2; 

  
dataAve_E = N4_0; 
E = dataAve_E*c3+c4; 

               
% Row spatial adjustment and column offset with NaN filling 
a=A(25:440,:);                                  % Row trimming 
b=B(1:445,:);                                   % Row trimming 
c=C(25:460,:);                                  % Row trimming 
d=D(15:445,:);                                  % Row trimming 
e=E(20:445,:);                                  % Row trimming 

  
a = [a(:,n0:End) NaN(size(a,1),n0-1)];          % Fills void rows with 

NaN for concatination 
b = [b(:,n1:End) NaN(size(b,1),n1-1)];          % Fills void rows with 

NaN for concatination 
c = [c(:,n2:End) NaN(size(c,1),n2-1)];          % Fills void rows with 

NaN for concatination 
d = [d(:,n3:End) NaN(size(d,1),n3-1)];          % Fills void rows with 

NaN for concatination 
e = [e(:,n4:End) NaN(size(e,1),n4-1)];          % Fills void rows with 

NaN for concatination 

  
% Single image of central flame.  
cX = 1:1:End; 
cX = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
cX=cX'; 
cY = 1:1:436; 
cY = cY'/jetWidth; 
figure 
cT = [c]; 
cT = cT(:,1:End); 
contourf(cX,cY,cT(:,:),500,'edgecolor','none') 
axis equal  
set(gca,'fontsize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
ylabel('Z/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
ylabel(h, 'W/m^2-sr','fontsize',28,'Fontweight','bold'); 
caxis([0 125]) 
Max_C6_cC = max(cT(:)) 
axis([-30 30 1 80]) 

  
% Figure # 1 of subplot 
figure 
subplot(1,3,1) 
t=[a;b;c;d;e];                                  % Creates large 2D 

matrix of all data 
blank=NaN(2,size(t,2));                         % Spacing between each 

matrices 
T = [a; blank; b; blank; c; blank; d; blank; e]; 
T = T(:,1:End); 
contourf(X,Y,T(:,:),50,'edgecolor','none') 
axis equal  
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set(gca,'fontsize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
ylabel('Z/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 125]) 
Max_C6_image_1 = max(T(:)) 
axis([-30 30 0 400]) 

  
% Image 2 processing 
dataAve_A = N0_1; 
A = dataAve_A*c3+c4; 

  
dataAve_B = N1_1; 
B = dataAve_B*c1+c2; 

  
dataAve_C = N2_1; 
C = dataAve_C*c1+c2; 

  
dataAve_D = N3_1; 
D = dataAve_D*c1+c2; 

  
dataAve_E = N4_1; 
E = dataAve_E*c3+c4; 

               
% Row spatial adjustment and column offset with NaN filling 
a=A(25:440,:);                                  % Row trimming 
b=B(1:445,:);                                   % Row trimming 
c=C(25:460,:);                                  % Row trimming 
d=D(15:445,:);                                  % Row trimming 
e=E(20:445,:);                                  % Row trimming 

  
a = [a(:,n0:End) NaN(size(a,1),n0-1)];          % Fills void rows with 

NaN for concatination 
b = [b(:,n1:End) NaN(size(b,1),n1-1)];          % Fills void rows with 

NaN for concatination 
c = [c(:,n2:End) NaN(size(c,1),n2-1)];          % Fills void rows with 

NaN for concatination 
d = [d(:,n3:End) NaN(size(d,1),n3-1)];          % Fills void rows with 

NaN for concatination 
e = [e(:,n4:End) NaN(size(e,1),n4-1)];          % Fills void rows with 

NaN for concatination 

  
% Figure # 2 of subplot 
subplot(1,3,2) 
t=[a;b;c;d;e];                                  % Creates large 2D 

matrix of all data 
blank=NaN(2,size(t,2));                         % Spacing between each 

matrices 
T = [a; blank; b; blank; c; blank; d; blank; e]; 
T = T(:,1:End); 
contourf(X,Y,T(:,:),50,'edgecolor','none') 
axis equal  
set(gca,'fontsize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
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h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 125]) 
Max_C6_image_1 = max(T(:)) 
axis([-30 30 0 400]) 

  
%% CO2 Filter Average 
% Row splicing, column offset with NaN filling, & spectral calibration 
n0 = 1; 
n1 = 12; 
n2 = 30; 
n3 = 60; 
n4 = 30; 

  
load('CO2_N0_735_Ave') 
A = dataAve*c3+c4;                              % Intensity 

calibration; 

  
load('CO2_N1_736_Ave') 
B = dataAve*c1+c2;                              % Intensity 

calibration; 

  
load('CO2_N2_737_Ave') 
C = dataAve*c1+c2;                              % Intensity 

calibration; 

  
load('CO2_N3_738_Ave') 
D = dataAve*c1+c2;                              % Intensity 

calibration; 

  
load('CO2_N4_740_Ave') 
E = dataAve*c3+c4;                              % Intensity 

calibration; 

  
a=A(25:440,:);                                  % Row trimming 
b=B(1:445,:);                                   % Row trimming 
c=C(25:460,:);                                  % Row trimming 
d=D(15:445,:);                                  % Row trimming 
e=E(20:445,:);                                  % Row trimming 

  
a=[a(:,n0:End) NaN(size(a,1),(n0-1))];          % Fills void columns 

with NaN for concatination 
b=[b(:,n1:End) NaN(size(b,1),n1-1)];            % Fills void columns 

with NaN for concatination 
c=[c(:,n2:End) NaN(size(c,1),n2-1)];            % Fills void columns 

with NaN for concatination 
d=[d(:,n3:End) NaN(size(d,1),n3-1)];            % Fills void columns 

with NaN for concatination 
e=[e(:,n4:End) NaN(size(e,1),n4-1)];            % Fills void columns 

with NaN for concatination 

  
subplot(1,3,3) 
t=[a;b;c;d;e];                                  % Creates large 2D 

matrix of all data 
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blank=NaN(2,size(t,2));                         % Spacing between each 

matrices 
T=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,T(:,:),50,'edgecolor','none') 
axis equal  
set(gca,'FontSize', 28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold');  
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 85]) 
Max_C6_Average = max(T(:)) 
axis([-30 30 0 400]) 
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7.7. Radiation intensity code used in Matlab to create figures 11-19 

clear all 
close all 
clc 
tic  

  
fprintf('CO2 radiant intensity average \nCombining code  \n') 

  
% Order:  C6, C6 (Re=30K), A1, A4 

  
%% Spatial transformation 
End = 485; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
%% C6 Dodecane POSF-12339 Re=20K 
n0 = 18; 
n1 = 18;  
n2 = 41; 
n3 = 8; 
n4 = 1; 

  
load('N0_C620_Ave') 
A = radAve; 
load('N1_C620_Ave') 
B = radAve; 
load('N2_C620_Ave') 
C = radAve; 
load('N3_C620_Ave') 
D = radAve; 
load('N4_C620_Ave') 
E = radAve; 

  
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(69:489,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
a=[a(:,n0:End) zeros(size(a,1),n0-1)];         
b=[b(:,n1:End) zeros(size(b,1),n1-1)];      
c=[c(:,n2:End) zeros(size(c,1),n2-1)]; 
d=[d(:,n3:End) zeros(size(d,1),n3-1)]; 
e=[e(:,n4:End) zeros(size(e,1),n4-1)];  

  
figure 
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subplot(1,4,1) 
C620_Ave_t=[a;b;c;d;e];                     % Creates large 2D matrix 

of all data 
blank=NaN(2,size(C620_Ave_t,2));            % Spacing between each 

matrices 
C620_Ave=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,C620_Ave,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize', 28,'Fontweight','bold') 
xlabel('R/D','fontsize',28,'Fontweight','bold')     % x-axis label 
ylabel('Z/D  W/m^2-sr','fontsize',28,'Fontweight','bold') 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 95]) 
axis([-35 35 0 400]) 
fprintf('C6_20K \n') 
Max_C6_20K = max(C620_Ave(:)) 

  
%% C6 Dodecane POSF-12339 Re=30K 
End = 500; 
jetWidth = 5.25;                            %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
n0 = 5; 
n1 = 25;  
n2 = 20; 
n3 = 38; 
n4 = 22; 

  
load('N0_C630_Ave') 
A = radAve; 
load('N1_C630_Ave') 
B = radAve; 
load('N2_C630_Ave') 
C = radAve; 
load('N3_C630_Ave') 
D = radAve; 
load('N4_C630_Ave') 
E = radAve; 

  
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
a=[a(:,n0:End) zeros(size(a,1),n0-1)];         
b=[b(:,n1:End) zeros(size(b,1),n1-1)];      
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c=[c(:,n2:End) zeros(size(c,1),n2-1)]; 
d=[d(:,n3:End) zeros(size(d,1),n3-1)]; 
e=[e(:,n4:End) zeros(size(e,1),n4-1)];  

  
% Average subplot 
subplot(1,4,2) 
C630_Ave_t=[a;b;c;d;e];                     % Creates large 2D matrix 

of all data 
blank=NaN(2,size(C630_Ave_t,2));            % Spacing between each 

matrices 
C630_Ave=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,C630_Ave,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 95]) 
axis([-35 35 0 400]) 
fprintf('C6_30K \n') 
Max_C6_30K = max(C630_Ave(:)) 

  
%% A1 JP-8 
% Row offset to align flames 
End = 510; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
n0 = 30; 
n1 = 1; 
n2 = 28; 
n3 = 20; 
n4 = 20; 

  
% Load the CSV and call make a variable  
load('N0_CA1_Ave') 
A = radAve; 
load('N1_CA1_Ave') 
B = radAve; 
load('N2_CA1_Ave') 
C = radAve; 
load('N3_CA1_Ave') 
D = radAve; 
load('N4_CA1_Ave') 
E = radAve; 

  
% Row elimination  
% = A(top rows:bottom rows),all cols); 
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
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c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
% Column movement to align flame axial 
% = [matrix(all rows),n0:End) Fill with NaN(size(row vector), n0 
a = [a(:,n0:End) NaN(size(a,1),n0-1)];      % Fills void columns with 

NaN for concatination 
b = [b(:,n1:End) NaN(size(b,1),n1-1)];      % Fills void columns with 

NaN for concatination 
c = [c(:,n2:End) NaN(size(c,1),n2-1)];      % Fills void columns with 

NaN for concatination 
d = [d(:,n3:End) NaN(size(d,1),n3-1)];      % Fills void columns with 

NaN for concatination 
e = [e(:,n4:End) NaN(size(e,1),n4-1)];      % Fills void columns with 

NaN for concatination 

  
% Subplot 
subplot(1,4,3) 
CA1_Ave_t=[a;b;c;d;e];                      % Creates large 2D matrix 

of all data 
blank=NaN(2,size(CA1_Ave_t,2));             % Spacing between each 

matrices 
CA1_Ave=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,CA1_Ave,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 95]) 
axis([-35 35 0 400]) 
fprintf('A1 \n') 
Max_A1 = max(CA1_Ave(:)) 

  
%% A4 Surrogate fuel [77% dodecane + 23% m-xylene by liquid volume], 

Re=30K 
End = 475; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
n0 = 1; 
n1 = 50;  
n2 = 3; 
n3 = 18; 
n4 = 1; 

  
load('N0_CA4_Ave') 
A = radAve; 
load('N1_CA4_Ave') 
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B = radAve; 
load('N2_CA4_Ave') 
C = radAve; 
load('N3_CA4_Ave') 
D = radAve; 
load('N4_CA4_Ave') 
E = radAve; 

  
a = A(1:441,:);                         % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                        % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                         % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                        % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                        % [33.5" - ??"],    

440/52.5=8.38" 

  
a=[a(:,n0:End) zeros(size(a,1),n0-1)];         
b=[b(:,n1:End) zeros(size(b,1),n1-1)];      
c=[c(:,n2:End) zeros(size(c,1),n2-1)]; 
d=[d(:,n3:End) zeros(size(d,1),n3-1)]; 
e=[e(:,n4:End) zeros(size(e,1),n4-1)];  

  
% Subplot 
subplot(1,4,4) 
CA4_Ave_t=[a;b;c;d;e];                  % Creates large 2D matrix of 

all data 
blank=NaN(2,size(CA4_Ave_t,2));         % Spacing between each matrices 
CA4_Ave=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,CA4_Ave,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 95]) 
axis([-35 35 0 400]) 
fprintf('A4 \n') 
Max_A4 = max(CA4_Ave(:)) 

  
%% RMS 
fprintf('CO2 radiant intensity RMS \nCombining code  \n') 
% Order:  C6, C6(Re=30K), A1, A4 

  
%% Spatial transformation 
End = 485; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
%% C6 Dodecane POSF-12339 Re=20K 
n0 = 18; 
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n1 = 18;  
n2 = 41; 
n3 = 8; 
n4 = 1; 

  
load('N0_C620_RMS') 
A = radRMS; 
load('N1_C620_RMS') 
B = radRMS; 
load('N2_C620_RMS') 
C = radRMS; 
load('N3_C620_RMS') 
D = radRMS; 
load('N4_C620_RMS') 
E = radRMS; 

  
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
a=[a(:,n0:End) zeros(size(a,1),n0-1)];         
b=[b(:,n1:End) zeros(size(b,1),n1-1)];      
c=[c(:,n2:End) zeros(size(c,1),n2-1)]; 
d=[d(:,n3:End) zeros(size(d,1),n3-1)]; 
e=[e(:,n4:End) zeros(size(e,1),n4-1)];  

  
figure 
subplot(1,4,1) 
C620_RMS_t=[a;b;c;d;e];                     % Creates large 2D matrix 

of all data 
blank=NaN(2,size(C620_RMS_t,2));            % Spacing between each 

matrices 
C620_RMS=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,C620_RMS,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
ylabel('Z/D  W/m^2-sr','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
fprintf('C6_20K \n') 
Max_RMS_C6 = max(C620_RMS(:)) 
caxis([0 35]) 
axis([-35 35 0 400]) 

  
%% C6 Dodecane POSF-12339 Re=30K 
End = 500; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
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X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
n0 = 5; 
n1 = 25;  
n2 = 20; 
n3 = 38; 
n4 = 22; 

  
load('N0_C630_RMS') 
A = radRMS; 
load('N1_C630_RMS') 
B = radRMS; 
load('N2_C630_RMS') 
C = radRMS; 
load('N3_C630_RMS') 
D = radRMS; 
load('N4_C630_RMS') 
E = radRMS; 

  
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
a=[a(:,n0:End) zeros(size(a,1),n0-1)];         
b=[b(:,n1:End) zeros(size(b,1),n1-1)];      
c=[c(:,n2:End) zeros(size(c,1),n2-1)]; 
d=[d(:,n3:End) zeros(size(d,1),n3-1)]; 
e=[e(:,n4:End) zeros(size(e,1),n4-1)];  

  
% Average subplot 
subplot(1,4,2) 
C630_RMS_t=[a;b;c;d;e];                     % Creates large 2D matrix 

of all data 
blank=NaN(2,size(C630_RMS_t,2));            % Spacing between each 

matrices 
C630_RMS=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,C630_RMS,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
fprintf('C6_30K \n') 
Max_RMS_C6_30K = max(C630_RMS(:)) 
caxis([0 35]) 
axis([-35 35 0 400]) 
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%% A1 JP-8 
End = 510; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
n0 = 30; 
n1 = 1; 
n2 = 28; 
n3 = 20; 
n4 = 20; 

  
% Load the CSV and call make a variable  
load('N0_CA1_RMS') 
A = radRMS; 
load('N1_CA1_RMS') 
B = radRMS; 
load('N2_CA1_RMS') 
C = radRMS; 
load('N3_CA1_RMS') 
D = radRMS; 
load('N4_CA1_RMS') 
E = radRMS; 

  
% Row elimination  
% = A(top rows:bottom rows),all cols); 
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
% Column movement to align flame axial 
% = [matrix(all rows),n0:End) Fill with NaN(size(row vector), n0 
a = [a(:,n0:End) NaN(size(a,1),n0-1)];      % Fills void columns with 

NaN for concatination 
b = [b(:,n1:End) NaN(size(b,1),n1-1)];      % Fills void columns with 

NaN for concatination 
c = [c(:,n2:End) NaN(size(c,1),n2-1)];      % Fills void columns with 

NaN for concatination 
d = [d(:,n3:End) NaN(size(d,1),n3-1)];      % Fills void columns with 

NaN for concatination 
e = [e(:,n4:End) NaN(size(e,1),n4-1)];      % Fills void columns with 

NaN for concatination 

  
% Subplot 
subplot(1,4,3) 
CA1_RMS_t=[a;b;c;d;e];                      % Creates large 2D matrix 

of all data 
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blank=NaN(2,size(CA1_RMS_t,2));             % Spacing between each 

matrices 
CA1_RMS=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,CA1_RMS,50,'edgecolor','none') 
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold');             
axis equal  
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
fprintf('A1 \n') 
Max_RMS_A1 = max(CA1_RMS(:)) 
caxis([0 35]) 
axis([-35 35 0 400]) 

  
%% A4 Surrogate fuel [77% dodecane + 23% m-xylene by liquid volume], 

Re=30K 
End = 475; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2212; 
Y = Y'/jetWidth; 

  
n0 = 1; 
n1 = 50;  
n2 = 3; 
n3 = 18; 
n4 = 1; 

  
load('N0_CA4_RMS') 
A = radRMS; 
load('N1_CA4_RMS') 
B = radRMS; 
load('N2_CA4_RMS') 
C = radRMS; 
load('N3_CA4_RMS') 
D = radRMS; 
load('N4_CA4_RMS') 
E = radRMS; 

  
a = A(1:441,:);                             % [5/8" - 9"],      

440/52.5=8.38"  
b = B(18:496,:);                            % [9" - 18"],       

478/52.5=9.10" 
c = C(3:425,:);                             % [18" - 26"],      

422/52.5=8.04" 
d = D(79:499,:);                            % [26" - 34"],      

420/52.5=8.00" 
e = E(30:470,:);                            % [33.5" - ??"],    

440/52.5=8.38" 

  
a=[a(:,n0:End) zeros(size(a,1),n0-1)];         
b=[b(:,n1:End) zeros(size(b,1),n1-1)];      
c=[c(:,n2:End) zeros(size(c,1),n2-1)]; 
d=[d(:,n3:End) zeros(size(d,1),n3-1)]; 
e=[e(:,n4:End) zeros(size(e,1),n4-1)];  
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subplot(1,4,4) 
CA4_RMS_t=[a;b;c;d;e];                      % Creates large 2D matrix 

of all data 
blank=NaN(2,size(CA4_RMS_t,2));             % Spacing between each 

matrices 
CA4_RMS=[a; blank; b; blank; c; blank; d; blank; e]; 
contourf(X,Y,CA4_RMS,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
fprintf('A4 \n') 
Max_RMS_A4 = max(CA4_RMS(:)) 
caxis([0 35]) 
axis([-35 35 0 400]) 

  

  
%% Normalization plotting 
% C620 norm 
End = 485; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2204; 
Y = Y'/jetWidth; 

  
Norm_C620 = C620_RMS_t./C620_Ave_t; 

  
% Elimnates background noise.  Set tolerance low to high; too high 

washes out detail. 
for i = 1:X 
    for j = 1:Y 
        if Norm_C620(i,j) <= 0 
            Norm_C620(i,j) = 0; 
        end 
    end 
end 

  
for i = 1:X 
    for j = 1:Y 
        if Norm_C620(i,j) >= 4 
            Norm_C620(i,j) = 0; 
        end 
    end 
end 

  
Norm_C620(isnan(Norm_C620))=0; 
Norm_C620(isinf(Norm_C620))=0; 

  
figure 
subplot(1,4,1) 
contourf(X,Y,Norm_C620,50,'edgecolor','none') 
axis equal  
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set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 3]) 
axis([-35 35 0 400]) 

  

  
%% C630 norm 
End = 500; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2204; 
Y = Y'/jetWidth; 

  
Norm_C630 = C630_RMS_t./C630_Ave_t; 

  
% Elimnates background noise.  Set tolerance low to high; too high 

washes out detail. 
for i = 1:X 
    for j = 1:Y 
        if Norm_C630(i,j) <= 0 
            Norm_C630(i,j) = 0; 
        end 
    end 
end 

  
for i = 1:X 
    for j = 1:Y 
        if Norm_C630(i,j) >= 4 
            Norm_C630(i,j) = 0; 
        end 
    end 
end 

  
Norm_C630(isnan(Norm_C630))=0; 
Norm_C630(isinf(Norm_C630))=0; 

  
subplot(1,4,2) 
contourf(X,Y,Norm_C630,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 3]) 
axis([-35 35 0 400]) 

  
%% CA1 norm 
End = 510; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2204; 
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Y = Y'/jetWidth; 

  
Norm_CA1 = CA1_RMS_t./CA1_Ave_t; 

  
% Elimnates background noise.  Set tolerance low to high; too high 

washes out detail. 
for i = 1:X 
    for j = 1:Y 
        if Norm_CA1(i,j) <= 0 
            Norm_CA1(i,j) = 0; 
        end 
    end 
end 

  
for i = 1:X 
    for j = 1:Y 
        if Norm_CA1(i,j) >= 4 
            Norm_CA1(i,j) = 0; 
        end 
    end 
end 

  
Norm_CA1(isnan(Norm_CA1))=0; 
Norm_CA1(isinf(Norm_CA1))=0; 

  
subplot(1,4,3) 
contourf(X,Y,Norm_CA1,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 3]) 
axis([-35 35 0 400]) 

  
%% CA4 norm 
End = 475; 
jetWidth = 5.25;        %pixels per 0.1" 
X = 1:1:End; 
X = linspace(-0.5*(End/jetWidth),0.5*(End/jetWidth),End); 
Y = 0:1:2204; 
Y = Y'/jetWidth; 

  
Norm_CA4 = CA4_RMS_t./CA4_Ave_t; 

  
% Elimnates background noise.  Set tolerance low to high; too high 

washes out detail. 
for i = 1:X 
    for j = 1:Y 
        if Norm_CA4(i,j) <= 0 
            Norm_CA4(i,j) = 0; 
        end 
    end 
end 
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for i = 1:X 
    for j = 1:Y 
        if Norm_CA4(i,j) >= 4 
            Norm_CA4(i,j) = 0; 
        end 
    end 
end 

  
Norm_CA4(isnan(Norm_CA4))=0; 
Norm_CA4(isinf(Norm_CA4))=0; 

  
subplot(1,4,4) 
contourf(X,Y,Norm_CA4,50,'edgecolor','none') 
axis equal  
set(gca,'FontSize',28,'Fontweight','bold'); 
xlabel('R/D','fontsize',28,'Fontweight','bold'); 
h = colorbar; 
set(h,'fontsize',28,'Fontweight','bold'); 
caxis([0 3]) 
axis([-35 35 0 400]) 

  

  

  
%% Plotting peak intensity 
i = 1:2200; 
for j=i 
    C620(j) = max(Norm_C620(j,248:251)); 
end 
C620_mini = C620(1:jetWidth:length(C620)); 
x = 1:length(C620_mini); 

  
i = 1:2200; 
for j=i 
    C630(j) = max(Norm_C630(j,254:259)); 
end 
C630_mini = C630(1:jetWidth:length(C630)); 
x = 1:length(C630_mini); 

  
i = 1:2200; 
for j=i 
    CA1(j) = max(Norm_CA1(j,262:265)); 
end 
CA1_mini = CA1(1:jetWidth:length(CA1)); 
x = 1:length(CA1_mini); 

  
i = 1:2200; 
for j=i 
    CA4(j) = max(Norm_CA4(j,241:245)); 
end 
CA4_mini = CA4(1:jetWidth:length(CA4)); 
x = 1:length(CA4_mini); 

  
figure  
plot(x,C620_mini,x,C630_mini,'c*',x,CA1_mini,'--

',x,CA4_mini,':','LineWidth',3) 
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legend('C6 Re=20K','C6 Re=30K','A1 Re=20K','A4 Re=20K') 
ylabel('Radiation intensity 

normalized','fontsize',38,'Fontweight','bold'); 
xlabel('Z/D','fontsize',38,'Fontweight','bold'); 
title('Radiation intensity normalized; CO2 filter (4.3\mum +/- 

020\mum)','fontsize',38,'Fontweight','bold'); 
set(gca,'FontSize',38,'Fontweight','bold'); 
xlim([0,400]) 
ylim([0,3]) 

  
toc 
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7.8. Matlab code to extract radiation intensity FLIR data directly from data file 

%%  Program to import FLIR sfmov files (IR camera), read the data, 

calibrate the data, and calculate Average, RMS, and RMS normalized to 

the average. 
%%  David Blunck (Jan. 2007), Jonathan Bonebrake (Aug. 2015), Eric 

Zeuthen (Nov. 2015) 

  
clear; 
close all; 
clc; 
tic 

  
%%  Import file - N x N matirx, N = 512 
fileName = 'E:\Eric FLIR\Final testing\C6_20K\CO2\N0_C620_125.sfmov'; 

  
%%  Enter the FPA size and number of images recorded, and files to 

process 
numDataImages = 200;           % number of frames 
col = 512;                      % x pixels 
row = 512;                      % y pixels 
End = 512;                      % Last column 

  
%%  Radiance Calibration Constants 
c1 = 0.0084; 
c2 = -13.324; 

  
%%  Open and Read the Camera Data    
fprintf('Reading data \n') 
fid = fopen(fileName, 'r');         % fid = file ID, r = read 
dataScan = fscanf(fid,'%c',2309);   % c% = read all single characters, 

field width 
%   Note: the last number specifies the size of header, 2309 is current 

value.   
%   The camera data stored as unsigned 2 byte data, l is how it is 

stored. 
%   Note the column and row are switched because of the way Matlab 

reads in data. 

  
dataRaw = fread(fid, [col, row*numDataImages] , 'uint16', 'l'); 
dataflip=dataRaw'; 
clear dataRaw 
dataAll = flipud(dataflip); 
clear dataflip 

  
% Chop front and back of data to decrease computation time. 
data = dataAll(:,:); 
clear dataAll 

  
%%  Transform data into 3-D array and convert to radiance intensity 
radArray = zeros([row,col,numDataImages]); 
radSum = zeros(row, col); 
fprintf('Processing data with blackbody calibration \n') 

  
% Apply blackbody calibration to data 
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for i = 0: numDataImages-1 
    for j = 1: row 
        for k = 1: col 
            % [i+1] = [i+1] + data*[i] 
            radArray(j,k,(i+1)) = radArray(j,k,(i+1)) + 

(c1*data((i*row)+j,k)+c2);           
        end 
    end 
    if mod(i, 100) == 0 
        fprintf('Calibrated frame i=%i\n', i) 
    end 
end 

  
clear data  

  
%%  Calculate average radiance intensity values 
fprintf('Calculating data Ave \n') 

  
for i = 1:row 
    for j = 1:col 
        for k = 1: numDataImages 
            radSum(i,j) = radSum(i,j) + radArray(i,j,k); 
        end 
    end 
end 

  
radAve = radSum/numDataImages; 
Max_C6 = max(radAve(:)) 

  
% Elimnates background noise.  Set tolerance low to high; too high 

washes out detail. 
% for i = 1:row 
%     for j = 1:col 
%         if radAve(i,j) <= 2 % Tailored 
%             radAve(i,j) = 0; 
%         end 
%     end 
% end 

  
fprintf('Ave radiance computed \n') 

  
%%  Calculate data RMS and remove BG average from each frame 

  
squares = zeros(row, col); 
fprintf('Calculating data RMS \n') 

  
for i = 1:row 
    %fprintf('row %i \n',i) 
    for j = 1: col 
        for k = 1: numDataImages 
            squares(i,j) = squares(i,j) + (radArray(i,j,k)-

radAve(i,j))^2; 
        end 
    end 
end 
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radRMS = sqrt((1/(numDataImages - 1))*squares); 

  
% for i = 1:row 
%     for j = 1:col 
%         if radRMS(i,j) <= 1.1 
%             radRMS(i,j) = 0; 
%         end 
%     end 
% end 

  
%%  Normalize RMS 
radNorm = radRMS./radAve; 

  
% Elimnates background noise.  Set tolerance low to high; too high 

washes out detail. 
for i = 1:row 
    for j = 1:col 
        if radNorm(i,j) <= 0 
            radNorm(i,j) = 0; 
        end 
    end 
end 

  
for i = 1:row 
    for j = 1:col 
        if radNorm(i,j) >= 4 
            radNorm(i,j) = 0; 
        end 
    end 
end 

  
radNorm(isnan(radNorm))=0; 

  
%% Save 
save('N0_C620_Ave.mat','radAve') 
save('N0_C620_RMS.mat','radRMS') 
save('N0_C620_Norm.mat','radNorm') 

  
%%  Flame Analysis 
jetWidth = 5.25;              % Pixel/mm - TBM'ed EDZ 

  
%%  Plots 
% X and Y vectors for contourplot axis 
X = linspace(-0.5*(col/jetWidth),0.5*(col/jetWidth),col); 
Y = linspace(0,(row/jetWidth),row); 

  
figure 
contourf(X, Y, radAve, 50, 'EdgeColor','none') 
title('Radiance Average') 
xlabel('x/D_{jet}') 
ylabel('y/D_{jet}') 
h = colorbar; 
ylabel(h,'Radiance (W/m^2-sr)') 
axis equal  
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figure 
contourf(X, Y, radRMS, 50, 'EdgeColor','none') 
title('Radiance Intensity RMS') 
xlabel('x/D_{jet}') 
ylabel('y/D_{jet}') 
h = colorbar; 
ylabel(h,'Radiance (W/m^2-sr)') 
axis equal  

  
figure 
contourf(X, Y, radNorm, 50, 'EdgeColor','none') 
title('Radiance Norm') 
xlabel('x/D_{jet}') 
ylabel('y/D_{jet}') 
h = colorbar; 
ylabel(h,'Radiance (W/m^2-sr)') 
axis equal  

  
fprintf('Finished \n \n') 
toc 

 
  



92 
 

7.9. Example data sheet used to perform blackbody calibration  

Blackbody calibration required increasing temperature in 50° C increments and allowing 

>20 minutes to steady state in the region of interest (ROI).  One filter was processed during 

each calibration temperature range to prevent the lens being refocused.   
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7.10. Pictures of the burner 

 

Burner on the left, and vaporizer hung on the right. 
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View of coflow fans and vaporized fuel burner tube inserting into the coflow stream.  A 

transition plug is in the Swagelok fitting. 

 
 

 

Vaporizer print.  This project used stainless rather than aluminum for insurance creep of 

the metal would not be an issue if a malfunction occurred.  Aluminum is more than 

capable for temperature of 300° C.   
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Vaporizer during assembly.  The long band heaters were ordered and were quickly 

obsolete.  Units could be purchased at half-length for less than one quarter the cost.  
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Pilot plate used in this study for liquid fuels.  Manufacturing this part with a CNC 

machine would be ideal.  I did it by hand on a mill, and it took many attempts.   

 
 

 

Transition plug between the vaporizer and long burner tube. 
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Transition plug during assembly.  This piece fits inside a ¾” Swagelok union.  

 

 

Radiometer placement with respect to the burner tube. 
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7.11. Sandia National Laboratory Surrogate fuel measurements 

These extra figures are taken from the Sandia National Laboratories 2011 report, in which 

this current work is an extension of by burning numerous liquid fuels.  Burner design is 

similar to the design in this study.  Measurement techniques are different but resulting data 

images compare well to the flame heights and results in this report.   

 

 

 

The following are measurements from the SNL report using the same burner.  The first 

image shows results from Laser Induced Incandescent (LII), while the latter shows the 
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heat flux intensities from the surrogate fuel (A4) and an ethylene flame.  The 

measurements from the ethylene flame were similar to what was measured in this report.  
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