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Abstract 

In order to reduce pollutant emissions and increase efficiency, modern 

combustion systems, for example gas turbines or automotive engines, are 

operated in lean premixed mode. Combustion under premixed fuel lean 

conditions reduces the combustion temperature and, therefore, reduces NOx 

formation. However, low combustion temperature and shorter residence time 

of fuel mixture in the reacting zone lead to higher level of CO emissions and 

increased tendency for unstable combustion, which can lead to high amplitude 

combustion oscillations. The above effects become more pronounced during 

increased variability of the supplied fuel composition. The availability of optical 

sensors that measure local heat release rate, equivalence ratio, fuel composition 

and CO emissions can be useful for flame monitoring and, possibly, control of 

combustion in industrial burners.  

This thesis evaluates and applies two optical sensors to counterflow premixed 

flames. The first is a chemiluminescence sensor that measures the emitted light 

from flames to quantify local heat release rate, equivalence ratio and fuel 

composition. The second is a laser based sensor, namely Planar Two Photon 

Absorption Laser Induced Fluorescence of CO (Planar CO TALIF), that measures 

the instantaneous CO spatial distribution in flames. 

Chemiluminescence is the natural light emission from electronically excited 

molecules, mainly OH*, CH*, C2
* and CO2

*, formed in a flame. Due to its natural 

occurrence, chemiluminescence offers an economic non-intrusive diagnostic 

tool for combustion processes. In the late 1950s, chemiluminescence was 

identified as a heat release rate, reaction zone and equivalence ratio marker. 

However, only few quantitative correlations between chemiluminescent 
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emission and heat release rate, equivalence ratio and fuel composition over a 

limited range of conditions are available in the literature and the available 

physical understanding of the underlying mechanisms is limited. 

Therefore, the present study conducts chemiluminescent intensity 

measurements in premixed opposed jet flames with two complementary optical 

systems with different spatial resolution, over wide ranges of equivalence ratio, 

flame strain rate and fuel composition. The results demonstrated that the CO2
*, 

OH* and CH(A) chemiluminescent intensities can indicate well the heat release 

rate. The OH*/CH(A) chemiluminescent intensity ratio can be used as good 

indicator for equivalence ratio, when the contribution of the CO2
* emission is 

removed from the corresponding intensities to eliminate non-monotonic 

behaviour. Intensity ratios between CO2
* and other chemiluminescent species 

are good indicators of the reacting fuel blend composition for 

hydrogen/methane, propane/methane and carbon dioxide/methane binary 

blends. The self-absorption of chemiluminescent intensity and the thermal state 

of the excited molecules were evaluated for different chemiluminescent species 

and different fuels for the first time. 

A comprehensive detailed reaction mechanism for all the main 

chemiluminescent species, including CO2
*, is proposed and evaluated at various 

conditions for the first time. This mechanism provided chemical insight and 

interpretation of the observed behaviour of the chemiluminescent intensity 

measurements. The effect of different fuel-oxidant reaction mechanisms and 

fuel compositions on the performance of the chemiluminescence detailed 

reaction mechanism was investigated. The modelled OH*, CH(A), C2
* 

chemiluminescent intensities and their ratios were in a good agreement with 

the experimental results. Detailed chemical mechanism analysis provided new 
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chemical insight on the origin of the correlation between chemiluminescence 

and heat release rate.  

The understanding of the origin of CO2
* chemiluminescence led to the 

proposition of a new CO2
* chemiluminescence chemical mechanism, which 

includes new thermodynamic data, intersystem exchange reaction and new 

formation path for hydrocarbon combustion. The new mechanism provided 

improved prediction of CO2
* chemiluminescence and CO and hydrocarbon 

combustion.  

Since there is a lack of available information on the instantaneous CO spatial 

distribution in flames, planar two photon absorption of CO laser induced 

fluorescence was developed. Planar CO TALIF in combusting flows was 

performed for the first time in counterflow flames and provided two-

dimensional spatial distribution of CO relative to the reaction zone. The strain 

rate and equivalence ratio effects on the level and spatial distribution of CO 

emission were quantified for the first time. A new correlation between CO 

pollutant formation and chemiluminescent emissions from flames was 

established.  
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Chapter 1 Introduction and Literature Review 

1.1 Opening Remarks  

Combustion of fuels is the most important energy source for human society 

since 1.7 million years ago [1], when fire was controlled by early humans. The 

electromagnetic radiation from a flame did not only increase the early humans’ 

“daytime” length, but also caused and determined the social stratification. 

Those who could make and yield fire had more power than those who could not 

and had a higher position in society [2]. Due to this reason, methods of control 

of fire and combustion have been pursued in every kind of human culture from 

ancient times to nowadays. The most common way to control combustion was 

by using the human eye to monitor the flame electromagnetic radiation in 

visible spectral wavelength range and manually increase/decrease the amount 

of fuel or air. In the visible spectral wavelength range, the main flame 

luminescence is the chemiluminescence from CH(A), CH(B), C2
* and CO2

* radicals 

[3], and the blackbody radiation from char and soot. Ancient Chinese alchemists 

used greenish-blue colour luminescence from flame to indicate the flame 

temperature and used “Pule Cyan” as the citation of high flame temperature. 

“Pule Cyan” even has been utilized as the parable of consummate profession in 

Chinese culture [4].  

A high correlation between energy usage and human civilization development 

has been proposed [5] and proofed by statistical data from different 

international organizations [6, 7]. Throughout the world today, more than 85% 

of primary energy comes from fossil fuels [6] combustion. However, combustion 

of fossil fuels led to several issues:  
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1. The final product of fossil fuel combustion is CO2, which is believed, as a 

main greenhouse gas, to cause global warming. In addition, leakage of CO2 

during the recovery and handling of hydrocarbon fuels also plays an 

important role in global warming [8].  

2. Pollutant emissions from fossil fuel combustion, including CO, UHC, 

particulate, NOx, sulphide and PAHs, are toxic and can cause health and 

different environment issues, such as acid rain and smog.  

3. Fossil fuels are a finite resource and reserves are limited and 

heterogeneously distributed all over the world. The difficulty and expense 

for harvesting and transportation of fossil fuel increase continuously and 

also contributes to additional emissions. 

Therefore, it is important to control the fossil fuel combustion process to 

maximise efficiency and minimise emissions. Delicate control of combustion 

process in modern combustors relies on non-intrusive, accurate and time-

dependent combustion monitoring methods, which are not based on human 

visual observation.  

In the meantime, the development of clean and efficient combustors relies on 

the understanding of combustion science. In combustion science, researchers 

would like to study the flow velocity, temperature and concentration of 

different chemical species before, during, and after the combustion process. 

Many diagnostics have been developed over many years of combustion research. 

Conventional diagnostics for combustion control, include pitot tube, hot wire, 

flow visualization, thermocouple and sampling probes. However, these methods 

are intrusive or qualitative (e.g. flow visualization). In recent decades, with 

substantial development of laser and semiconductor technology, numerous 

optical based diagnostics have been proposed, including chemiluminescence 
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measuring, laser Doppler velocimetry, particle image velocimetry, laser-induced 

fluorescence, laser absorption spectroscopy, laser-induced breakdown 

spectroscopy, laser-induced grating spectroscopy, Raman spectroscopy, 

Rayleigh scattering spectroscopy etc. These are nonintrusive, quantitative with 

high sampling rate and may be applied in harsh combustion environment. These 

optical diagnostics extended human knowledge on combustion science [9].  

Chemiluminescent emissions from flames are widely used to monitor the 

combustion process in a variety of applications, since it can provide information 

on combustion characteristics. It has been used to monitor heat release rate 

(HRR) and equivalence ratio (ER), indicate flame front and calculate Rayleigh 

index distribution. In addition, chemiluminescence is a natural emission from 

flames, which means that no external illumination is required for monitoring. It 

can be applied to harsh environment, especially in industrial applications.  

Laser-induced fluorescence is one of the most important laser diagnostic tools 

in combustion science [9, 10]. It can be used to detect several kinds of species 

generated during the combustion process, such as OH, CH, CH2O, CHO, C2, NO, 

NH, CN, CO2, CO, H, O, PAHs and UHCs [9]. These species are important 

indicators of combustion process. For example, CH, CH2O and OH can be used as 

flame front or heat release rate indicator [11]; NO, NH and CN are used for 

evaluating NOx emission in the combustion process [9, 10, 12]; PAHs are 

precursors of soot and pyrolysis production of solid fuels [13]; presence of CO 

and UHCs usually means incomplete oxidation of fuel and are related to low 

combustion efficiency [10, 14].  

This thesis describes new findings of applying chemiluminescence as a 

diagnostic in premixed air with methane, propane and blends of methane-

propane, methane-hydrogen and carbon dioxide diluted methane opposed 



42 

 

flames. The correlation between flame chemiluminescent characteristics and 

HRR, ER and CO emissions are examined experimentally and numerically for a 

wide range of flame conditions. The reaction kinetics of chemiluminescence are 

examined and used to provide interpretation of the experimental and numerical 

results. The chemistry of CO2(1B2) chemiluminescence in hydrocarbon flames is 

revealed. This new understanding increases the usefulness of 

chemiluminescence as a flame diagnostic, especially for lean premixed flames. 

Planar Two Photon Absorption Laser Induced Fluorescence (Planar-TALIF) of CO 

is also developed and applied in opposed flames to identify the locations of CO 

generation in flames and dependence on operating conditions. The effects of 

equivalence ratio and strain rate on CO distribution are presented. The 

advantages and challenges of Planar-TALIF are also assessed.  

This chapter is divided in four sections. Section 1.2 introduces the essential 

physical and chemical background related to this thesis. Section 1.3 reviews 

existing literature on chemiluminescence and Planar TALIF of CO. A brief review 

of popular laser diagnostics for combustion science is also provided in this 

section. Section 1.4summarises the contribution of this thesis and Section 

1.5summarises its structure. 

1.2 Scientific Background 

All kinds of luminescence in nature are related to the energy loss process from 

the relevant species. Vibrational energy loss from molecules or atoms generates 

black body radiation. Energy loss during a charged particle deceleration 

generates Bremsstrahlung. The decay of excited electrons leads to generation 

of a lower energy level chemiluminescence, fluorescence and phosphorescence.  
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Chemiluminescence 

If the excited electron of a molecule or atom is produced from a chemical 

reaction rather than from the absorption of a photon, the light luminescence 

emitted during the decay of the excited electron to a lower energy level is 

named chemiluminescence. During chemical reactions, reactants collide to form 

a transition state, the enthalpic maximum of a reaction coordinate diagram, 

which proceeds to the product. If the enthalpy of a transition state is equal or 

higher than the energy difference between an electronic excited state and 

ground energy state, molecules in this electronic excited state can be produced.  

There are two paths to the decay of an electronically excited molecule to a lower 

energy level molecule. One path is through the collision with other molecules 

and atoms, with the extra energy of the electronic excited molecule dissipating 

to heat. Another path is through the excited electron transition from higher to 

lower energy level with the extra energy emitted out through a photon with its 

specific energy equal to the extra energy.  

Laser induced fluorescence 

Another way to excite the electrons of a molecule or atom is by absorbing a 

photon with a specific energy equal to the energy difference between the 

excited and initial state of this molecule. Since photons from laser emissions 

have the same energy level, a laser is an ideal light source to provide photons 

that molecules can absorb.  

The decay process of an electronically excited state molecule is similar to the 

chemiluminescence. The only difference is that the electronically excited 

molecule will decay to a lower vibrational energy level at the same electronic 
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energy level through the predisposition process. The number density of emitted 

photons can be described by the following equation: 

 F = ρσ̂ × IL × A/(A + Q + P)   (1-1) 

where F is the number density of emitted photons, 𝜌 is the number density of 

the molecules that will be excited, �̂� is the excitation probability, 𝐼𝐿 indicates the 

laser intensity, A is the first Einstein coefficient spontaneous emission of the 

excited molecule, Q is the collisional quenching rate of the excited molecule, P 

is the predisposition rate of the excited molecule.  

1.3 Literature Review 

1.3.1 Chemiluminescence measurements  

Observation of flame chemiluminescence is not a novel topic, it runs through 

the development of spectroscopy from Isaac Newton [15, 16]. In mid-19th 

century, Robert Bunsen developed the Bunsen burner as an improved flame 

source to examine the spectra of chemical compounds. In the meantime, Swan 

first recorded the candle flame spectrum. In early 20th century, the investigation 

on flame spectroscopy was one of the most important methods to understand 

combustion process. A summary of the works from late 19th century to early 20th 

century have been provided by Gaydon and his co-workers [3, 17]. Clark [18] 

measured laminar and turbulent premixed propane – air and ethylene – air 

flames. He found that the C2
*/CH(A) chemiluminescent intensity ratio was 

sensitive to equivalence ratio. For turbulent flames, this chemiluminescent 

intensity slightly changed for different positions in the flame. Increase of 

turbulent levels can reduce the chemiluminescent intensity emitted per unit of 

fuel mass flow rate. This study provided an initial investigation of using 

chemiluminescence to indicate flame properties. Another important 
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contribution of this study is the confirmation of the four main 

chemiluminescence emitters for hydrocarbon flames, OH*, CH*, C2
* and CO2

*. 

From mid-20th century to the second decade of 21st century, a very large number 

of studies were devoted on correlating chemiluminescence characteristics with 

flame heat release rate, equivalence ratio, strain rate and fuel composition by 

using integral and analytical analysis of flame spectra. Therefore, the present 

review cannot include all the available literature on chemiluminescence 

measurements and mainly focuses on open issues related to applying 

chemiluminescence on measuring flame characteristics.  

Measuring heat release rate  

OH* [19-24], CH* [11, 19-21, 25, 26], C2
* [26-29] and CO2

* [22, 30-32] 

chemiluminescence have been reported as heat release rate (HRR) indicators in 

different combustor configurations by many studies. Although 

chemiluminescence has been suggested to be a good HRR indicator in studies of 

combustion oscillations, several studies have reported that the 

chemiluminescence is not a reliable heat release rate indicator in flames with 

high curvature (Najm et al. [11]), highly strained (Hossain and Nakamura [25], 

and Samaniego et al. [30]) and highly turbulent (Lauer and Sattelmayer [33]). 

These studies reported that chemiluminescence cannot indicate time resolved 

or spatially resolved HRR in highly unstable flames. Most of them attributed this 

claim to the reaction paths of chemiluminescence generation being isolated 

from the main heat release reaction path [11, 25, 33]. Therefore, there is a 

debate in the literature on the ability of chemiluminescence to indicate HRR. 

Although many experimental and numerical studies have found a correlation 

between HRR and chemiluminescence, none of them could provide a reason 

why such correlation existed. In addition, the interpretation, which attributed 
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the inability of chemiluminescence to indicate HRR to the reaction rate path, 

contradicted the experimentally observed correlations between HRR and 

chemiluminescence. Therefore, this ongoing debate means that there is a gap in 

our knowledge related to the relationship between HRR and chemiluminescence.  

Indicating the reaction zone 

Using chemiluminescence to indicate the location of the reaction zone has been 

applied in different premixed laminar [34-36] and turbulent flames [37, 38]. 

However, due to lack of direct measurement of HRR and tomographic 

measurement of chemiluminescence, even in premixed flame, the spatial 

relationship between heat release rate and different chemiluminescence 

species is not clear. However, chemiluminescence remains an important 

diagnostic, even for microgravity combustion research [39, 40]. With the 

development of cameras, high resolution chemiluminescence imaging in 

microgravity environment is available. Therefore, researchers hope to find more 

information on the chemical reaction process, fuel-oxidant mixing and buoyancy 

effects by analysing the spatial distribution of directly imaged CH* and C2
* 

chemiluminescence [39]. A very recent study on high resolution 

chemiluminescence imaging in inverse gas jet diffusion flames [41, 42] has 

showed that the chemiluminescence of OH*, CH* and C2
* can be used to 

distinguish rich and stoichiometric reaction zones in diffusion flames. However, 

the relationship between the heat release region and fuel-oxidant mixing in 

diffusion flames is not clear. 

Measuring reacting mixture equivalence ratio 

Using chemiluminescent intensity or chemiluminescent intensity ratios to 

measure the equivalence ratio (ER) of the reacting mixture has been widely 
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examined. OH* and CH* chemiluminescent intensities have been used to indicate 

ER in high pressure lean flames [43, 44]. Chemiluminescent intensity ratio is 

more commonly used for measuring flame equivalence ratio. C2
*/CH* has been 

proposed to be a good ER indicator for premixed flames fuelled by C2 and 

heavier hydrocarbons [18, 45-48]. The chemiluminescent intensity ratio of 

OH*/CH* has been widely reported as useful equivalence ratio indicator in 

methane [19, 20, 49-55], Jet-A [50-53], natural gas [19, 20, 50-54], gasoline [56, 

57] fuelled flames. However, for very lean flames, the C2
* chemiluminescence is 

absent, therefore, the C2
*/CH* chemiluminescent intensity ratio is invalid. In 

addition, the measured OH*/CH* chemiluminescent intensity ratio has been 

reported to be non-monotonic with ER [58, 59] for some conditions. The origin 

of this non-monotonic behaviour is not known. A few studies have reported 

other ER indicators like CH*/CO2
* intensity ratio [58] and CO2

* [60], C2
* [59] 

intensities. However, further evaluation of these indicators is required.  

Fuel composition effect 

Effect of fuel composition on chemiluminescence has not been widely studied. 

Most of the studies of chemiluminescence are focused on methane fuelled 

flames. Some earlier studies selected C2 and C3 fuels to study 

chemiluminescence, because these flames have much stronger luminescence 

intensity [3, 18, 61-63]. Orain and Hardalupas [64] systematically compared the 

difference in chemiluminescence from premixed natural gas, propane, 

isooctane, ethanol and methanol flames. Garcia-Armingol et al. [23, 32] 

measured the chemiluminescence of CO enriched and hydrogen enriched 

methane air flames. Guiberti et al. [65] and Quintino et al. [66] measured the 

CO2 dilution effect on the chemiluminescence of premixed methane – air flames. 

Guiberti et al. [65] also further compared the differences between N2 and CO2 
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diluted flames. Although the available data on chemiluminescence from 

blended fuel flames is limited, several interesting phenomena have been 

addressed. For example, the addition of a certain amount of hydrogen can 

increase the emitted intensity from all types of chemiluminescence species [23]; 

CO2 dilution of flames showed much stronger effects on the chemiluminescent 

intensity rather than N2 [65]. However, available studies have not provided any 

further physical or chemical interpretation for these interesting phenomena. 

Moreover, the chemiluminescence characteristics of blended hydrocarbon 

flames, for example flames fuelled with blends of methane/propane, have not 

been reported in the literature.  

Broadband background emission of flame spectra 

Broadband background emission of flame spectra is an important contributor to 

the total flame luminescent intensity. However, its source and characteristics 

have not been extensively studied, especially for hydrocarbon flames. This 

broadband spectrum has been widely attributed to CO2
* emission for methane 

flames. However, its spectrum is different from the observed CO2
* 

chemiluminescence spectrum in CO flames. HCO* and CH2O* [3] have been 

considered as other potential sources of this broad band background emission, 

however, no further experimental data can clearly support this argument. 

Recent shock tube measurements showed that this broadband spectrum has 

different time history at different wavelengths for acetone oxidation reaction 

[67]. Furthermore, due to the lack of high resolution spectra, a comparison 

between chemiluminescence spectra measurements from CO, methane or 

higher hydrocarbon flames, is not possible, which is another road block in 

understanding the origin of this broadband spectrum.  
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Highly resolved flame spectra measurements 

The availability of highly resolved flame spectra measurements in the literature 

is limited. Therefore, the discussion of the thermal state of the excited species 

is lacking. For example, few studies reported the self-absorption of OH* 

chemiluminescence [68, 69] in limited flame configurations. This self-absorption 

can bring further uncertainty on using OH* based diagnostics. However, no 

further evaluation on this uncertainty has been made. Brockhinke et al [68] have 

demonstrated the usefulness of using rotationally resolved chemiluminescence 

spectra to select chemiluminescence reaction kinetics. Unfortunately, their 

study was limited to spectral measurements and simulations, but the detailed 

reaction mechanism of the simulation is not included.  

1.3.2 Chemiluminescence reaction kinetics  

Despite chemiluminescence being widely used as an experimental diagnostic for 

combustion science and engineering control and monitoring, the understanding 

of the chemistry of chemiluminescence is limited. The chemiluminescence 

detailed chemistry mechanism requires knowledge of reactions for the 

formation, consumption and, sometimes, intersystem exchange of excited 

species and their reaction rate constants. Therefore, the reaction kinetics of 

most of the excited species can be described by three types of reactions, as 

follows:  

formation: A + B = C + E* (R 1-1), 

radiative quenching: E* -> E + hν (R 1-2), 

collisional quenching: E* + M -> E + M (R 1-3), 
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where A, B, C can be any specified chemical formula, E* is the electronic excited 

state species, E is the electronic ground state species, h is the Planck constant, ν 

is the frequency of emitted photon, M is the collisional partners.  

Generally, reaction rate constants, k1-2 and k1-3, for R 1-2 and R 1-3 are easy to 

be determined by measuring the lifetime of E* chemiluminescent emission in a 

controlled environment.  

For some species, for example CH*, more than one electronic excited states exist 

in the combustion process. Therefore, the intersystem exchange can occur 

between different electronic excited states and can be described according to 

the following equation: 

intersystem exchange: E* (+ M) = E** (+ M) (R 1-4), 

where E* and E** donate two different electronic excited states of the same 

species.  

Since the concentration of the excited species is lower than PPM, it is very hard 

to quantify the concentration/mole fraction of excited species. The 

chemiluminescence species emit light, which can be directly measured. 

Therefore, the conventional chemiluminescence reaction kinetics are given by 

an overall reaction: 

overall reaction: 𝐼𝐶𝐿 = 𝑘1−5 × [𝐴] × [𝐵] (R 1-5), 

If the fuel oxidation reaction kinetics for a certain flame have been well 

established, it is relative easy to know [A] and [B] and the k1-5 can be deduced 

by measuring 𝐼𝐶𝐿  in the unit of counts. Theoretically, there is a relation between 

the reaction rate constant for R 1-5, k1-5, and the reaction rate constants for R 1-

1, R 1-3 and R 1-3: 
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 𝑘1−5 =
𝑘1−1×𝑘1−2

𝑘1−3
   (1-2) 

With the development of diagnostics, the concentration of A, B, C, E can be 

directly measured. Therefore, the reaction rate constants for k1-1, k1-2 and k1-3 

can be measured.  

Formation of OH*  

The main formation path of OH* during hydrocarbon combustion is:  

CH + O2 = OH* + CO (R2).  

This reaction was initially proposed by Gaydon [3] and further supported by 

spectral measurements in low pressure oxygen – acetylene flames, conducted 

by Krishnamachari and Broida [70]. Several research groups have measured its 

reaction rate constant and a list of available reaction rate constant of R2 is listed 

in Table 1-1.  

No. A (cm3/mol/s) n E (cal/mol) Reference 

1 6.00E+10 0 0 Porter et al. [71] 

2 3.25E+13 0 0 Berman et al. [72] 

3 4.80E+10 0 0 Grebe and Homann [73] 

4 4.80E+13 0 0 Lichtin et al. [74] 

5 4.82E+10 0 167 Carl et al. [75] 

6 1.80E+11 0 0 Luque et al. [40] 

7 4.00E+13 0 0 Hall and Petersen [76] 

8 3.24E+14 -0.4 4150 Hall and Petersen [77] 

9 8.00E+10 0 0 Bozurt et al. [78] 

Table 1-1 Measured reaction rate constants for R2 in the literature 

There are two main reaction rate constant values reported in the literature. One 

is of the order of 1010, which was supported by [40, 71, 73, 75, 78]. Another 

preferred value is of the order of 1013, which was supported by other literature, 

listed in Table 1-1.  
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Recently, Kathrotia et al. [79] quantitatively examined k2 with a value of 

1.80E+11 (No.6 in Table 1-1) in a low pressure flame. This value showed very 

good performance in predicting the quality and quantity of OH* in methane and 

hydrogen enriched methane flames. The same group also further optimized the 

value of k2, using a shock-tube experiment, based on recent measured value of 

k1. This optimized value is No.9 in Table 1-1. Therefore, k2~1010 has been 

confirmed in low pressure flames [40, 79, 80] and shock-tube [78] by 

quantitatively measurements.  

There is a secondary reaction of OH* in hydrocarbon combustion: 

H + O + M = OH* + M (R1) 

This reaction is the main OH* formation path in hydrogen flames. However, it 

does not play an important role in hydrocarbon flames. It is the main source of 

OH* in burnt gases. The available value of k1 in the literature is between 1012-

1013, generally of the same order. The most recent measurement of R1 is from 

Kathrotia et al. [81], they suggested a k1 with value of 1.50 E+13exp(-5975/RT), 

which is general in the middle range of all the available k1 [21].  

The OH* reaction is represented by the most known chemiluminescence 

reaction kinetics. Although there is no debate on the dominant reaction path, 

the magnitude of the measured reaction rate constants of this reaction is 

scattered over two to three orders of magnitude.  

Formation of CH(A)  

For CH(A) chemiluminescence, the main formation path is still under debate. 

Three main reaction paths have been proposed in the literature.  

C2H + O2 = CH(A) + CO2 (R14) 
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C2H + O = CH(A) + CO (R15) 

C2 + OH = CH(A) + CO (R16) 

R16 is the first proposed reaction for CH(A) formation in the literature [3, 82]. 

However, CH(A) cannot be observed in O absent conditions [83] (the initial 

literature cannot be found, but it is cited by [21, 53, 84]). Therefore, the accuracy 

of this reaction is doubted.  

R14 and R15 are two preferred formation paths for CH(A) in the literature. R14 

was proposed and supported by several early studies from Hand and 

Kistiakowsky [85], Gutman et al. [86], Matsuda et al. [87], Renlund et al. [88] and 

Hwang et al. [89]. Later, Devriendt et al. [90], Elsamra et al. [91] and Smith et al. 

[92] measured the reaction rate constant for different temperature ranges. 

Their result can be a regression to the same Arrhenius equation 3.20E+11exp(-

1601/RT).  

R15 is another widely investigated formation pathway of CH(A), initially 

proposed by Brennen and Carrington [93] and Grebe and Homann [73, 94]. The 

reaction rate constant was measured by several researchers [80, 90, 92, 94-97]. 

The measured results in the literature are scattered over two orders of 

magnitude. 

There is a debate about R14 and R15 in the literature. Some studies found that 

including R14 could overpredict CH(A) [78, 79]. While, other studies suggested 

that even with R14 included, the CH(A) was underestimated [92, 98]. Since there 

is no clear conclusion on this debate, a compromise was selected by more 

researchers [20, 21, 90-92].  
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Although there is a debate on R14 and R15, the modelling of CH(A) has been 

conducted by different research groups [20, 25, 39, 65, 98-101] for different 

conditions due to its usefulness as flame diagnostic.  

Formation of C2
* 

For C2
*, few reactions have been proposed for its formation. Gaydon [3] 

originally proposed two reactions of CH2(S) with C and C2H with H. The latter has 

been confirmed as a minor path by [61]. Another path, supported by [61], was 

CH + CH = H2 + C2
*. Further studies suggested that this reaction path was also 

negligible [82, 94]. Therefore, only the reaction of CH2(S) with C, as shown below, 

can be adequate for modelling C2
*.  

CH2(S) + C = C2
* +H2 (R44) 

Since the emission of C2
* has also been observed in carbon vapor flames [102], 

another formation path of C2
* was proposed  

C3 + O = CO + C2
* (R45) 

Measurements of k44 and k45 are very limited. k44 was measured by [94] in room 

temperature. Recently, Smith et al. [103] measured k44 and k45 by LIF in low 

pressure flames.  

Because of the limitations on knowledge of C2
* reaction kinetics, the modelling 

of C2
* in more practical combustors has not been widely studied.  

Formation of CO2(1B2) (CO2
*) 

The formation reaction of CO2
* has not been fully known due to its broadband 

spectra and complicated electronic excited states. To clarify the additional 

discussion, different electronic excited states of CO2 need to be distinguished. 
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Figure 1-1 shows the potential curves of the СО2 molecule for different 

electronic excited states [104]. It is widely believed that the CO2
* 

chemiluminescence is from CO2(1B2) [105]. A very detailed review and comment 

on available CO2(1B2) mechanisms will be provided in Chapter 5. Therefore, only 

a brief introduction is provided in this section.  

 

Figure 1-1 Potential curves of the СО2 molecule for the X1Σ, 3B2, 1B2, 3A2 and 1A3, redrawn from 
[104].  

 

The formation reaction of CO2
* has only been studied in CO based flames. The 

most favourable reaction in the literature is:  

CO + O (3P) + M = CO2(1B2) + M (R54). 
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Figure 1-1 also shows that the reaction of CO+O(3P) does not have sufficient 

energy to generate CO2(1B2). Moreover, the reaction CO + O(3P) +(M) = CO2(1B2) 

+ (M) is spin forbidden reaction. Therefore, it is not likely to occur in the 

combustion process. As a consequence, Clyne and Thrush [106] proposed 

another process of CO2(1B2) formation:  

CO + O + M = CO2(3B2) + M (R 5-1), 

CO2(3B2) → CO2(1B2) (R 5-2).  

Although recent studies on the potential curves [104, 107] of the СО2 molecule 

are more supportive of this scheme, this scheme has not been preferred in the 

literature.  

Due to limitations in measurement technology, most available literature used 

an overall reaction as we discussed before: 

CO + O = CO2 + hν (R 5-28), 

Ico2* = k28 × [CO][O].  

Very recently, Petersen’s group [108, 109] tried to isolate the reaction rate of 

R54 and proposed another reaction for CO2
* formation without discussing 

whether it is realizable in the combustion process:  

HCO + O = CO2
* + H (R55).  

We have internally confirmed that R55 is the main contributor of CO2
* in 

hydrocarbon flames, however, its reaction rate constant has not been measured.  

Very recently, two studies [67, 110] suggested that the reaction  

CH + O2 = CO2
* + H (R 5-3) 
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is a candidate for the main formation path of CO2
* in hydrocarbon flames. 

However, no further discussion on this reaction has been conducted.  

Therefore, based on the available literature, the chemical process of CO2
* 

formation has not been revealed. The purpose of the present study is to provide 

further insight on the CO2
* chemical process.  

Assembling of chemiluminescence mechanism for multiple excited species.  

As discussed above, knowledge on the chemical process of excited species is still 

not well established. Previous studies on chemiluminescence reaction kinetics 

only provided relative sufficient information on the OH*. For CH(A) and C2
*, the 

reaction paths have been established, although debate is still in progress. The 

measured reaction rate constant for CH(A) and C2
* reaction kinetics are rare. For 

CO2
*, the reaction path has not been revealed. Therefore, only few studies have 

used the overall reaction R 5-28 to model the CO2
* in hydrocarbon flames. 

References [30, 65] are not properly based on the recent developed knowledge 

on the potential curves of the СО2 molecule.  

Limited studies have modelled multi-excited species in an assembled reaction 

mechanism. Walsh et al. [98] conducted the modelling of OH* and CH(A) 

chemiluminescence in an axisymmetric laminar diffusion flame. The same 

mechanism was adopted by Kojima et al. [111] to model OH* and CH(A) 

chemiluminescence in a 2-D flame. Haber [112] modelled OH* and CH(A) 

chemiluminescence in a flat flame. Kathrotia et al. [79] proposed a 

comprehensive chemiluminescence sub-mechanism including OH*, CH(A), CH(B) 

and C2
* chemiluminescence. However, none of the literature have included CO2

* 

model in the chemiluminescence sub-mechanism.  
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Since we only have sufficient knowledge on OH* reaction kinetics, an indirect 

method to evaluate CH(A), C2
* and CO2

* chemiluminescence mechanisms is 

comparing modelled chemiluminescent intensity ratios with measured results. 

In 2009, Panoutsos et al. [20] summarized available OH* and CH(A) reactions and 

proposed eight mechanism combinations, including fuel oxidation, OH* and 

CH(A) mechanisms. The modelled OH*/CH(A) results from these combinations 

have been compared with quantitatively measured OH*/CH(A) results. Although 

the calibration process of the measuring system was not proper in that study, 

they provided a good example on indirect evaluation of the OH* and CH(A) 

mechanism. In addition, Panoutsos et al. [20] also successfully correlated the 

modelled heat release rate with modelled chemiluminescence. However, they 

did not provide any causation analysis to interpret this correlation, observed in 

both experiment and simulation.  

Since the experimental results of chemiluminescent emissions from flames of 

different fuel compositions are limited, the modelling of chemiluminescence for 

flames of fuel blends is rare. Seitzman et al. [53, 100, 113] modelled OH* and 

CH(A) chemiluminescence of premixed Jet-A and syngas fuelled flames. García-

Armingol et al. [23, 32] conducted modelling of chemiluminescent intensity 

ratios in premixed hydrogen and carbon monoxide enriched methane – air 

flames. Guiberti et al. [65] modelled OH*, CH(A) and CO2
* chemiluminescence in 

N2 and CO2 diluted premixed methane – air flames. Recently, Quintino et al. [66] 

conducted similar modelling in CO2 diluted premixed methane – air flames. 

Hossain and Nakamura [25] modelled CH(A) chemiluminescence of propane – 

air diffusion flames.  However, the behaviour of chemiluminescence in flames of 

blended fuels is not well studied. 
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1.3.3 Two photon absorption laser induced fluorescence of CO  

Carbon monoxide is an important species for combustion. It is an intermediate 

species for the main reaction path of hydrogen carbon oxidation [114]. It is also 

a major pollutant and an indicator of combustion efficiency. Modern gas turbine 

combustors and internal combustion engines reduce NOX emissions by ensuring 

that the combustion process occurs at low temperature conditions, which can 

lead to incomplete fuel oxidation and high CO emissions. The incomplete fuel 

oxidation also occurs in the cold quenched combustion process, for example, 

near the wall of internal combustion engines during cold start and effusion 

cooled wall of aeroengine combustors [115]. Moreover, when the fuel price 

increases, the cost of syngas, which is produced through gasification of coal or 

biomass [116], becomes competitive. The main composition of syngas is CO and 

H2. Therefore, CO is an intermediate, a pollutant, an indicator of combustion 

efficiency and a kind of fuel in combustion industry. Although CO is very 

important for the combustion industry, an in-situ method for measuring CO in 

combustion environments is limited, as discussed in Section 1.2.  

Two Photon Absorption Laser Induced Fluorescence (TALIF) has been used for 

detecting some important species, for example, atoms H [117], O [118], Kr [119], 

N [120] and molecules CO, H2O [121] and NH3 [12]. Although these species are 

very important for soot formation (H), fuel oxidation process (O2 and O), 

pollution emissions formation (N, NH3, and CO), TALIF measurements of these 

species are relative sparse, especially for CO TALIF.  

In CO-TALIF measurement, the acquired signal intensity can be delivered in the 

following equation: 
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𝑆
𝑇𝑒𝑟𝑚 0: 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

=
𝜂(𝛺/4𝜋)

𝑇𝑒𝑟𝑚 1: 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦
 ×

 
𝜌𝐶𝑂�̂�(2)

𝑇𝑒𝑟𝑚 2: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑒𝑥𝑖𝑐𝑖𝑡𝑒𝑑 𝐶𝑂
×

𝐼𝐿
2

𝑇𝑒𝑟𝑚 3: 𝑙𝑎𝑠𝑒𝑟 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
×

𝐴/(𝐴 + 𝑄 + 𝑃 + �̂�𝑖𝐼𝐿)
𝑇𝑒𝑟𝑚 4: 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

+
𝑆0

𝑇𝑒𝑟𝑚 5: 𝑜𝑡ℎ𝑒𝑟 𝑙𝑖𝑔ℎ𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 
  (1-3) 

where 𝜂 denotes the DQE of the detector, Ω is the solid angle, 𝜌𝐶𝑂  is the number 

density of CO, �̂�(2) is the two-photon absorption cross section, 𝐼𝐿  is the laser 

intensity, A is the first Einstein coefficient spontaneous emission of excited CO, 

Q is the collisional quenching rate of excited CO, P is the predisposition rate of 

excited CO and �̂�𝑖 is the ionization cross section of CO.  

The purpose of measurement is to use the measured signal intensity (Term 0) to 

obtain number density of CO (𝜌𝐶𝑂). Therefore, in practical situations, Term 1 is 

kept constant by carefully maintained the detector at the same position for the 

duration of the experiment. 𝐼𝐿  is recorded by another detector. Normally, in 

Term 4, A and P are not influenced by physical property (Temperature, pressure, 

etc.) of CO. However, Q and �̂�𝑖 vary with the thermodynamic conditions of the 

environment. Higher temperature and pressure leads to higher magnitude of Q, 

due to the increased chance that CO collision with other molecules. Higher 

temperature also increases the magnitude of �̂�𝑖, since the CO molecules tend to 

be at higher vibration state. Other light emission (Term 5), measured during an 

experiment, can be from flame luminescence, and interferences from CO and 

CO2 photolysis. Determination of Q, �̂�𝑖 and S0 is the main challenge in the CO 

TALIF.  

The first trial of CO TALIF was in late seventies by Bernheim et al. [122] in a 

reference gas cell. Later, in early eighties, Aldén et al. demonstrated CO TALIF in 

a CO filled gas cell, premixed rich hydrocarbon flames and CO/air flames. This 
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early study reported that the 230.1 nm UV laser light induced photolysis of CO, 

which introduced C2 Swan band emissions in the detected spectra.  

The first Planar CO TALIF was demonstrated by Hanson’s group [123, 124] in rich 

premixed methane – air flames (ER = 2). The source of C2 Swan band 

interferences was attributed to photolysis of C2H2 and C2H. Van Oostendorp et 

al. [125] conducted Planar CO TALIF in partially premixed flames to investigate 

CO combustion with secondary air entrainment. The CO TALIF technique was 

further applied to turbulent non-premixed flames by Mokhov et al. [126]. Due 

to the high temperature gradient, the distribution of CO concentration and 

measured fluorescent intensity are different, which means that the temperature 

effect was governing the measured fluorescent intensity.  

Nefedov et al. [127] identified that CO formation as a result of the CO2 

photodissociation is another interference source influencing the measured 

intensity. A method to supress this interference is using 230.1 nm to excite CO, 

which can reduce the amount of CO formed by CO2 photodissociation.  

CO TALIF measurements also have been performed in engine conditions by 

researchers at Lund University [128-130] and Sandia National Laboratories [128, 

129, 131, 132] to investigate in cylinder CO distribution.  

Linow et al. [133] compared the performance of Herzberg band and Ångström 

band for CO TALIF. More recently, Rosell et al. [14] compared the performance 

of Herzberg band, Ångström band and third positive group band. Both of them 

concluded that the Herzberg band is more suitable for quantitative CO TALIF 

measurements due to the emission spectra exhibiting lower C2 interference. 

Moreover, Rosell et al. [14] suggested that simultaneously measurement of 

Ångström band and third positive group band can provided higher SNR. 
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However, the wavelength region of Herzberg band and third positive group band 

spectra lead to interference with OH*, CH(A), CH(B) and CO2
* 

chemiluminescence, which could bring extra uncertainty in practical 

measurements.  

All these measurements were conducted by using conventional nanosecond 

laser systems. Due to the photoionization effect (�̂�𝑖𝐼𝐿  in Term 4 of equation 

(1-3)), the measured LIF signal was not proportional to the laser intensity 

squared, which means that the uncertainty from photoionization effect is not 

negligible. To overcome this issue, with the development of laser technology, 

Pico- and femto- second laser systems is now commercially available. The CO 

TALIF conducted by using Pico- and femto- second laser systems is popular in 

very recent years. The main advantage is that the high laser intensity supressed 

the photoionization effect and C2 interference.  

Settersten et al. [134] employed a Picosecond laser system to measure the 

quenching coefficient of CO by H2, N2, O2 , CO, H2O, CO2, CH4 ,He, Ne, Ar, Kr, and 

Xe from room temperature and up to 1000 K. The results showed that H2O, CO2 

and CH4 are the main intermedia of CO collisional quenching process. This study 

is an important attempt to quantify Q in Term 4 of equation (1-3). Later, 

researchers from Lund University demonstrated CO TALIF by a picosecond laser 

system in fuel-rich combustion conditions. They concluded that the main 

advantage of picosecond laser system is the increase of CO fluorescent intensity 

and suppression of C2 interference. From 2017, several researchers conducted 

femtosecond CO TALIF in premixed methane – air flames [135], methane jet 

diffusion flames [136], piloted liquid-spray flames [137] and high pressure 

flames up to 5 barg [138]. In these studies, the measured LIF signal was nearly 

proportional to the laser intensity squared (better than 𝑆~𝐼𝐿
1.85).  
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Although the femtosecond laser system is commercially available, it is still not 

widely used due to its high cost. With a careful control of laser intensity, the 

conventional ns laser system can achieve low interference measurements. 

Carrivain et al. [139] carefully selected the laser intensity and achieved 𝑆~𝐼𝐿
1.76 

in a CO flame, which was much improved from previous studies [123-125] 

(𝑆~𝐼𝐿
1.2). Therefore, it is worth to further explore the potential of conventional 

ns laser systems for CO TALIF. Moreover, most of previous CO TALIF were 

performed in fuel rich or higher hydrocarbon fuelled or non-premixed flames, 

which have high CO concentration to ensure high SNR. Only two studies have 

extended CO TALIF measurements in lean flames, although they were line [135] 

or point [140] measurements rather than Planar. Therefore, it is worth to 

perform Planar CO TALIF in a wide range of equivalence ratios from lean to rich 

premixed methane – air flames, to investigate the equivalence ratio effect on 

CO generation and its spatial distribution. Moreover, a study [141] has 

demonstrated the ability of chemiluminescence on measuring integral CO 

emission in a swirl-stabilised combustor. Therefore, with the ability of directly 

measuring CO distribution, the correlation between CO emission and 

chemiluminescence can be examined.  

1.4 Present Contribution  

The preceding literature review has shown that many studies have been 

devoted to the measurement of flame chemiluminescence. The usefulness of 

chemiluminescence based diagnostics on monitoring flame heat release rates, 

flame front location and equivalence ratio have been proved by numerous 

studies. However, as addressed in 1.3.1 there are still several open issues on 

successfully performing chemiluminescence based diagnostics in a variety of 

flame conditions, such as ultra lean premixed single component fuel flames, 
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flames of fuel blends and highly turbulent flames. Several fundamental 

questions, including origin of broadband spectrum for different hydrocarbon 

flames, self-absorption phenomenon, thermal state of excited species and the 

relation between measured spectrum and chemical process of excited species 

are still not clearly answered. Therefore, the present study employs two 

carefully calibrated optical measuring systems to quantitatively measure the 

chemiluminescence of OH*, CH(A), C2
* and CO2

* for premixed flames fuelled by 

methane, propane, hydrogen enriched methane, propane enriched methane 

and CO2 diluted methane over a wide range of equivalence ratios and flame 

strain rates. The abilities of chemiluminescence based diagnostics to monitor 

heat release rate, equivalence ratio and fuel composition are examined. Both 

integral and analytical examinations of the flame spectra are performed to 

provide fundamental understanding of the self-absorption phenomenon, 

thermal state of excited molecules and broadband background spectrum.  

The available knowledge on chemiluminescence reaction kinetics has been 

extensively reviewed in the previous section. Although more than half centuries 

efforts have contributed to the understanding of the chemistry of flame 

chemiluminescence, only few successful agreements between experiments and 

simulations have been achieved in the literature, for example, the formation 

paths of OH* in hydrocarbon flames and hydrogen flames. Although there is still 

a debate on the formation path of CH(A) and C2
*, few available studies have 

demonstrated successful modelling of these two chemiluminescence species 

under limited conditions. 

In addition, the understanding on the chemical process of CO2
* 

chemiluminescence is very limited. Available overall and detailed reaction 

kinetics are limited and none of them can properly describe the behaviour of 
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CO2
* chemiluminescence in hydrocarbon flames. Due to the lack of quantitative 

measurements of chemiluminescent intensity and intensity ratios, the 

evaluation of chemiluminescence sub-mechanism for multiple excited species 

has not been widely conducted. The interpretation of experimental 

observations through numerical simulation of the reaction mechanisms is 

lacking. Therefore, the main purpose of the modelling effort of the present study 

is to provide a comprehensive chemiluminescence sub-mechanism to 

simultaneous model OH*, CH(A), C2
* and CO2

* chemiluminescence. Based on 

quantitative measurements of chemiluminescent intensity ratios of OH*/CH(A), 

C2
*/OH*, C2

*/CH(A), CO2
*/OH*, CO2

*/CH(A) and CO2
*/C2

*, the proposed 

chemiluminescence sub-mechanism can be evaluated. 

Recent progress on fuel oxidation provided several mechanisms, which can 

simulate C1-C4 flames. Therefore, the combination of modern C1-C4 fuel 

oxidation mechanisms and the proposed chemiluminescence sub-mechanism 

can provide further ability in modelling chemiluminescence of heavier 

hydrocarbon fuelled flames. A new CO2
* chemiluminescence mechanism is 

developed to provide much improved prediction for CO and hydrocarbon 

combustion.  

Finally, the present study focuses on the two photon absorption laser induced 

fluorescence of CO, which has been established in the literature as a promising 

in situ non-intrusive CO detecting method. This measuring technique has not 

been widely applied to a wide range of combustion applications, as discussed in 

the literature review. Therefore, the present study performed the first Planar 

CO TALIF measurement in counterflow burner flames to quantify the CO 

distribution in opposed twin premixed flames. The strain rate and equivalence 

ratio effects on CO distribution in counterflow flame are discussed. The 
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identified challenges in applying Planar CO TALIF by the present study are 

discussed.  

1.5 Thesis Structure 

The present thesis is divided into seven chapters. 

The first chapter highlights the motivation and scientific background of the 

present thesis. An extensive review of current knowledge on flame 

chemiluminescence and CO TALIF diagnostics is provided. This chapter ends with 

the presentation of the current contribution and the structure of this thesis.  

The second chapter explains the experimental and numerical methodologies 

used in this work. The counterflow burner and its gas supply system 

configuration are described. Optical diagnostics employed in the present study, 

including two chemiluminescence detecting systems and a CO TALIF system are 

elaborated with detailed analysis of uncertainty. The numerical model for 

simulating counterflow burner flames and shock-tube experiments are also 

explained. Details of the chemical kinetics models for fuel-oxidant reaction and 

excited species are presented.  

Chapter 3 presents the experimental study of chemiluminescent emissions, 

including a comprehensive OH*, CH(A), C2
* and CO2

* chemiluminescence 

measurements, from premixed flames fuelled by different single component 

and binary blends of fuels. An extensive discussion of the fuel composition effect 

on chemiluminescence is provided. The ability of chemiluminescence to 

measure flame heat release rate, equivalence ratio and fuel composition are 

evaluated. Vibration-resolved flame spectra are measured to provide 
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information for the discussion of self-absorption of the OH* spectra, thermal 

non-equilibrium C2
* spectra and original of broadband background spectra.  

The fourth chapter presents the numerical modelling of chemiluminescence 

from counterflow burner flames. The performance of the proposed 

chemiluminescence sub-mechanism, combined with different fuel oxidation 

mechanisms, is evaluated in flames of methane, propane and various blends 

premixed with air. The OH*, CH(A), C2
* and CO2

* chemiluminescent intensities 

and their ratios are assessed to provide recommendations on using 

chemiluminescence to measure heat release rate, flame front location and 

equivalence ratio. Reaction flow analysis, rate of production analysis and 

sensitivity analysis are performed to provide chemical insight for the numerical 

and experimental results.  

Available CO2
* chemiluminescence reaction kinetics cannot provide satisfactory 

results in hydrocarbon flames. In Chapter 5, a new CO2
* chemiluminescence 

chemical mechanism is proposed based on experimental data from the 

literature and the present study. An improved prediction of CO2
* is 

demonstrated in CO and hydrocarbon combustion.  

The sixth chapter presents the results of Planar two photon absorption laser 

induced fluorescence of CO, which is conducted in premixed counterflow burner 

flames. The strain rate and equivalence ratio effects on the level of CO emissions 

and its spatial distribution are discussed. A correlation between 

chemiluminescence and CO emissions is demonstrated. The challenges of 

performing Planar CO TALIF in lean premixed flames are discussed. 

Finally, Chapter 7 summarises the main findings of this thesis. 

Recommendations are provided for future work that could extend the 
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understanding of chemiluminescence and could improve the CO TALIF 

technique.  
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Chapter 2 Experimental Facilities and Numerical Methods 

2.1 Introduction  

This chapter explains the experimental and numerical methodologies used in 

this work. The rest of this chapter is split into three sections. Section 

2.2describes the geometry of the counterflow burner, including details of test 

conditions and experimental uncertainty brought from the gas supply system. 

Two chemiluminescence sensor systems and the optical configuration are also 

described here. Section 2.3discussed the numerical methodology of modelling 

the counterflow burner and shock-tube experiments, the numerical conditions 

and solver settings are provided. In Section 2.4, the detailed chemistry models 

employed for modelling fuel-oxidant reaction and excited species are discussed. 

Finally, the summary of this chapter is provided. 

2.2 Experimental Facilities  

2.2.1 The counterflow burner  

The counterflow burner provides the possibility of controlling, independently, 

the equivalence ratio and the global strain rate of the flame. The generated flat 

flames are stabilized close to the stagnation plane and there is good optical 

access for chemiluminescence measurements. In addition, the 1–D counterflow 

flame burner can be described by available numerical codes for detailed 

numerical investigations.  
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Figure 2-1 Arrangement and dimensions of the counterflow burner.  

The counterflow burner used for this work is shown in Figure 2-1 and it has been 

described in detail previously [142]. It consists of two identical, vertically 

opposed contracting nozzles with inner diameter of 30 mm, separated by a 

distance of 30 mm (H = 30 mm). Methane and air were injected into the chamber 

upstream of the accelerating nozzles, where they impinged on round plates to 

ensure adequate premixing before the nozzles. The two opposed nozzles were 

carefully aligned to ensure uniform and symmetric velocity profiles at the nozzle 

exit. The annular duct around the central pipe supplies nitrogen (N2) coaxially to 

the central premixed fuel-air mixture. N2 was introduced in the annulus through 

four side inlets, passed through a honeycomb mesh, and flowed through an 

annular ring surrounding the main nozzle. For stoichiometric and rich premixed 

flames, the N2 co-flows were used to extinguish the diffusion flames, formed 
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away from the central flat flame and ensure the premixed flames were detached 

from the rims at the exit nozzle.  

For this burner configuration, the equivalence ratio (ER) (defined as the ratio of 

the actual and stoichiometric fuel to air mass flow values) of the mixture was 

varied from 0.6 to 1.3 and the area averaged velocity of the gas mixture at the 

nozzle exit, V0, was varied from 1.2 to 6 m/s, which corresponded to a global 

flow strain rate range from 80 to 400 s-1. The calculation of this strain rate is 

calculated as  a = 2V0/H , based on the area averaged bulk velocity V0 and the 

distance H between the two opposed nozzles. The range of the resulting 

Reynolds numbers of the premixed mixture in the pipes was from 2300 to 11500. 

The inlet temperature of the premixed fuel-air mixture was 300K.  

2.2.2 Gas supply system 

 

Figure 2-2 Schematic of gas and cooling water delivery systems to the counterflow burner. 

The dry air used for the counterflow burner experiment was supplied at 6 bar(g) 

by a laboratory compressor. Water and oil filter systems equipped the main air 

supply line before supplied to the laboratory. The air supply to the top and 
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bottom nozzles of the counterflow burner was carefully controlled by two mass 

flow controllers (F-203AV-M50-RGD-44-V) manufactured by Bronkhorst UK Ltd, 

shown as A-MFC-1 and A-MFC-2 in Figure 2-2. Tow inline filters with 40 μm 

porosity (M423-22-00-V) were installed upstream of air MFCs to prevent any 

Impurity delivered into the MFCs. The full scale of the air MFCs was 750 ln/min 

with calibration from the manufacturer. The accuracy of the air MFCs is 0.5% of 

reading plus 0.1% of full scale. This accuracy yields to uncertainty on the air flow 

rate between ± 0.81 % and ± 2.17 % depending on the flow rate.  

Fuel composition Amount (%) 

CH4 100 95 90 85 80 75 70 

H2 0 5 10 15 20 25 30 

C3H8 0 5 10 15 20 25 30 

CO2 0 5 10 15 20 25 30 

Table 2-1 Fuel mixtures examined in present study. 

Several kinds of pure fuels and binary fuel mixtures, as shown in Table 2-1, were 

supplied to the counterflow burner to examine the fuel composition effect on 

flame chemiluminescence. In the first step, premixed methane-air flames were 

examined as the baseline case for this work. Then, the chemiluminescence of 

pure propane-air premixed flames were measured, since it has not been well 

characterised in the literature. For the binary fuel mixtures, methane was used 

as the major fuel as shown in Figure 2-2. Hydrogen and propane were used as 

the minor fuel components added into the methane. Finally, CO2 was used as an 

inert gas, mixed with methane, to examine the effect of dilution on 

chemiluminescence. Like for the air supply system, the flowrate of the supplied 

fuels was controlled by MFCs manufactured by Bronkhorst UK Ltd. The MFCs for 

major and minor fuels were different to accommodate their different flow rate 

ranges and to ensure low uncertainty for the final equivalence ratio. Higher 
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maximum flow rate MFCs (F-202AV-M20-RAD-22-V, 101 ln/min) were used for 

the major fuels, while lower maximum flow rate MFCs (F-201CV-20K-RAD-22-V, 

25 ln/min) were used for the delivery of minor fuels. The accuracy of the fuel 

MFCs is the same as that for the air MFCs, which yields an uncertainty between 

0.88% and 1.17% for the flowrates of the methane baseline case.  

Base on uncertainty propagation theory, the uncertainty of the equivalence 

ratio for the methane-air premixed flame was between 0.014 % (ER=1.1, a=400s-

1) to 0.19 % (ER=0.6, a=80s-1).  

2.2.3 Chemiluminescence Sensor systems  

Spectrally resolved line of sight detection system 

The Spectrally resolved chemiluminescence was measured by a fibre-lens optical 

Echelle spectrograph and the arrangement is shown in Figure 2-3. The light was 

collected by a UV fused silica (UVFS) plano-convex lens and focused on a UV-

grade optical fibre with core diameter of 1500 µm (Thorlabs lnc, FT1500UMT). 

A mask was fitted in front of the lens to minimize the collection of ambient light 

and light emission from secondary flame. The collected light was directed to a 

25 µm × 50 µm slit, subsequently delivered to a high-resolution Echelle 

spectrograph (Andor, Mechelle ME5000) and detected by an ICCD camera 

(Andor, DH-534). To minimize statistical uncertainties, 300 images, exposed over 

a second, were averaged. This spectrally resolved, line of sight, detection system 

provided both a wide wavelength range from 250 to 800 nm and a high 

wavelength resolution of ∆λ ≈ λ/4000 nm. The measured flame spectra were 

processed to quantify contributions from OH*, CH(A), CH(B) and C2
* 

chemiluminescence. 
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Figure 2-3 Experimental arrangement of two chemiluminescence sensor systems. 

Spatially and time resolved detection system 

The spatially and time resolved detection system is a MICRO (Multi-colour 

Integrated Cassegrain Receiving Optics) system [34, 49], as modified in previous 

studies [19, 20]. The Cassegrain-based optical sensor (CS) with a focal length of 

300 mm had a primary and a secondary mirror of 150 mm and 50 mm diameters 

respectively, see Figure 2-3. This ensured a probe volume of the sensor with 

nominal diameter of 200 µm and a length of 1.6 mm [20]. There are two main 

advantages of the CS measurements over the line of sight measurements: (a) in 

the CS, chromatic aberrations for different wavelengths are avoided [34] and (b) 

the contribution of flame emissions from outside the probe volume are 

minimised [20, 34], in particular in the flat flame geometry of the counterflow 

burner. The CS sensor was traversed by a milling machine platform with 0.25 

mm accuracy for position adjustment, which yields 1.4% uncertainty for 
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adjustment in three directions. The collected light from the CS was focused onto 

a pinhole placed in front of a UV-grade optical fibre with a core diameter of 1500 

µm and a Numerical Aperture (NA) value of 0.39 (Thorlabs lnc, FT1500UMT). The 

light was delivered to a purpose-built spectroscopic unit (Figure 2-3) and was 

subsequently collimated and separated into three spectral fractions using two 

dichroic mirrors (Optical Coatings Japan) with efficiencies greater than 95%. 

Each part was directed onto appropriate interference filters specific to the 

radical considered, namely 308.5 nm for OH*, 430.5 nm for CH(A) and 516.0 nm 

for C2
*, with corresponding efficiencies of 22.0%, 45.3% and 71.7% and 

bandwidths of 18.0 nm, 1.9 nm and 2.3 nm respectively. The collected light 

intensities were transformed into electrical signals by using three identical 

photomultiplier tubes (PMTs; Hamamatsu R269). The temporal electrical signals 

were filtered using passive low-pass filters with 8 kHz cut-off frequency and 

digitised using a 16-bit (PCI-6251, National Instruments) A/D card with sampling 

frequency of 100 kHz. The data processing procedure used in the context of this 

work is the one suggested by Hardalupas and Orain [19]. 

Calibration of Chemiluminescence Sensors  

Since the chemiluminescent intensity ratios between different excited 

molecules are useful for evaluating the flame characteristics and identifying the 

appropriate chemical reaction sub-mechanism for chemiluminescence, the 

absolute values of these ratios need to be obtained. However, the lenses, filters, 

mirrors, spectrograph and light sensors used in the detecting systems have 

different performance at different wavelengths (except optical fibre and 

Cassegrain). Therefore, the chemiluminescence sensors need to be carefully 

calibrated against a standard light source for a wide range of spectral response.  
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Spectrally resolved line of sight detection system 

For this Echelle spectrographic system, the wavelength and position of the 

diffraction pattern generated by Echelle gratings need to be calibrated before 

the calibration for wavelength response. The aim of this calibration is to ensure 

the accuracy of the position of a selected wavelength. For the wavelength-

position calibration, a mercury pencil lamp (6035 Hg (Ar) Lamp, Newport lnc) 

was employed to supply 18 known spectra lines for anchoring the wavelength 

and position of the diffraction pattern. This calibration function is integrated 

into the Andor Solids software, which is the operating software for the ME5000. 

This calibration needs to be performed before starting measurement. This 

calibration can ensure the accuracy of the selected wavelength at about 0.01 

nm level and wavelength resolution at ∆λ ≈ λ/4000 nm for 250 to 800 nm.  

Before we start the spectral response calibration, the source of the non-uniform 

spectral response needs to be understood. The first source is the light collecting 

system. Although UVFS lens was used to maximise the light transmission for UV-

VIS, there is still a lower transmission rate for light less than 300 nm, as shown 

in Figure 2-4. The chromatic aberration of the focusing lens, which is due to the 

variation of refractive index with respect to wavelength, led to a focal point on 

a chromatic focal plate with about 800 µm diameter. We use a thick fibre with 

1500 µm core diameter, which is much larger than the chromatic focal plate, to 

minimise the chromatic aberration. Another source is the lateral transverse 

aberration, which is induced by the off axis collected light, as shown in Figure 

2-5. Since the collecting lens employed here is large (50 mm in diameter), there 

is about 10 mm of transverse aberration and 1 mm lateral aberration. Since the 

light emissions from different parts of the twin flat flame are generally the same, 

this means that the emitted light from different positions of the flame is the 
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same, therefore, this aberration will not influence the measured flame spectra. 

However, for the Xenon lamp, due to its structure shown in Figure 2-6, the light 

emitted from the centre of the lamp has less black body radiation from the hot 

anode and cathode, which is a contributor of the continuous part of the 

spectrum shown in Figure 2-7 (a). Thus, there is an uncertainty introduced by 

the light source and collecting optics when conducting the calibration. We varied 

the focal position of the optics and found that the variation of the recorded 

value of the intensity ratio at 310 nm and 430 nm wavelengths (typical 

wavelength of OH* and CH(A)) was less than 20%. We fixed the focal point at the 

centre of the lamp during the calibration and the flame during the measurement. 

Thus, this uncertainty is systematic and less than 10%. A thinner fibre core can 

reduce further this uncertainty, while simultaneously reducing the light 

collecting area and signal noise ratio. Therefore, the selected fibre thickness was 

considered a good compromise. 
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Figure 2-4 Light transmission curve of the Neutral Density filters and UV Fused Silicon at 
different wavelengths.  

 

Figure 2-5 Lateral-transverse aberration of a lens. 
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Figure 2-6 Structure of Xenon lamp/Mercury-Xenon lamp from the manual of Xenon short-arc 
bulb [143].  

The second source of non-uniform spectral response is the spectrograph. 

Echelle gratings of the ME5000 produce 80 orders in the entire spectral range 

between 210 and 1030 nm. When the grating is used in the Littrow angle, the 

grating efficiency is at its maximum in the middle of each order. However, the 

efficiency drops to about half of this value at the extremities of each order [144], 

as shown in Figure 2-7 (b).  

The third source is the spectral response of ICCD that records the spectrum. This 

non-uniform spectral response is also known as quantum efficiency (QE/DQE). 

This depends on the selection of the intensifier integrated in the ICCD and the 

quality of CCD sensor. The QE of the present ICCD (DH-534-18-03) has an 18 mm 

diameter intensifier with a standard generation 2 photocathode. It can provide 

about 10-15% QE from 200 to 500 nm and 4-10% QE for 500-700 nm.  

After understanding the source of the non-uniformity of the spectral response, 

the spectral response can be calibrated using a Xenon lamp (Hamamatsu K.K., 

L11033) with manufacturer-supplied emission spectrum. Since the irradiance of 

the Xenon lamp is too intensive for both high sensitivity chemiluminescence 

sensor systems, three UV fused silicon reflective natural density (ND) filters (two 
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NDUV510B and one NDUV513B, Thorlabs lnc) were placed in front of the 

collecting fibre to reduce the light intensity delivered to the sensor. Since the 

spectral response of ND filter is not uniform, as shown in Figure 2-4, the 

manufacturer-supplied Xenon lamp spectrum had to be multiplied with the 

efficiencies of the three ND filter transmission curves and normalized with its 

maximum value. The final Xenon spectrum used for calibration is shown in 

Figure 2-7 (a). Based on this spectrum, the spectral response calibration factor 

(SRCF, Figure 2-7 (c)) can be deduced from the measured standard light source 

spectral intensity (MLSI, Figure 2-7 (b)) and standard light source spectral 

intensity (LSI, Figure 2-7 (a)) at different wavelengths as: 

𝑆𝑅𝐶𝐹(𝜆) =
𝑀𝐿𝑆𝐼(𝜆)

𝐿𝑆𝐼(𝜆)
 

It is noted that the SRCF includes all the non-uniform spectral response that was 

discussed above. 

If we keep the optical arrangement and gain voltage of ICCD unchanged during 

the flame chemiluminescent intensity measurements, the spectral response of 

the system is preserved. Thus, the determined SRCF is appropriate for the 

calibration of the non-uniform spectral response of the practical measurement. 

From the measured flame spectra of chemiluminescent intensity (MFS), the 

calibrated flame chemiluminescence spectra (CFS) can be obtained at each 

wavelength using the following equitation: 

𝐶𝐹𝑆(𝜆) =
𝑀𝐹𝑆(𝜆)

𝑆𝑅𝐶𝐹(𝜆)
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Figure 2-7 Calibration of wavelength response. (a) Spectrum of Xenon lamp (filtered by Neutral 
Density filter set), calculated based on the manufacturer’s supplied data; (b) measured 
spectrum by the sensor for the spectrum of (a); (c) Determined Calibration factor at each 
wavelength. 

Spatially and temporally resolved detection system 

For the spatially and time resolved detection system, the spectral response for 

different wavelength is determined by the dichroic mirrors, interference filters 

and photomultiplier tubes (gain voltage dependence). The philosophy of the 

spectral response calibration of this system is similar to the spectrally resolved 

line of sight detection system. The wavelength range of light induced to the 

three PMTs are given by the interference filters used in the PMT box. These 

filters were manufactured about ten years ago, thus, a decay of their 
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performance may be expected. To examine the transmission performance of 

these filters, we used the calibrated spectrograph system and the Xenon lamp 

to measure the transmission curve of the optical filters, as shown in Figure 2-8. 

Based on these curves, the transmission ranges of the three filters are 287-361 

nm for the OH* filter, 420-440 nm for the CH(A) and 505-525 nm for the C2
* filter. 

It was found that the transmission rates of these filters did not decay, while the 

transmission ranges were wider than their initially specified ranges. The same 

Xenon lamp was employed as the LSI to calculate the light intensity ratios 

between these filter ranges. The output voltage from the three PMTs for the 

same light source was obtained to calculate the voltage ratio between different 

channels. Finally, the calibration factor can be deduced from dividing the light 

intensity ratios calculated from LSI spectrum by the measured voltage ratios. 

The quantified calibration factor of chemiluminescent intensities has a weak 

dependence on gain voltage of the PMTs, while the relative chemiluminescent 

intensity highly depended on gain voltage. Therefore, the calibration was 

conducted for different PMT gain voltages. The calibration factors are listed in 

Table 2-2.  
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Figure 2-8 Performance of the interference optical filters of the spatially and temporally 
resolved detection Cassegrain system 

 

Gain 

(%) 

Gain 

Voltage 

(V) 

OH*/CH* C2
*/OH* C2

*/CH(A) OH* CH(A) C2
* 

30 720 11.2859 0.103324 1.16611 1.000000 0.088606 0.103324 

35 835 11.0839 0.103989 1.15260 0.516070 0.046560 0.0536654 

40 955 10.3769 0.109498 1.13624 0.166682 0.016063 0.0182513 

45 1075 9.52997 0.110586 1.05389 0.110251 0.011569 0.0121923 

Table 2-2 Calibration factors of the spectral response of the spatially and temporally resolved 
detection Cassegrain system.  
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2.2.4 Two Photon Absorption Planar Laser Induced Fluorescence (TALIF) 

of carbon monoxide (CO)  

 

Figure 2-9 Optical arrangement for CO TALIF measurements 

The arrangement of CO TALIF system is shown in Figure 2-9. In this experiment, 

a UV laser sheet at wavelength 230.10 nm with a linewidth of 0.09 cm-1 was used 

to excite the CO molecules present in the opposed burner flames. The laser 

radiation at 230.10 nm was achieved by using the third harmonic of a Nd:YAG 

laser (Surelite III, Continuum) at 355 nm (200 mJ) to pump a dye laser (Cobra 

stretch, Sirah) using Coumarin 47 dye, frequency doubling the resulting laser 

beam at 460.20 nm with a BBO crystal. The repetition rate of the laser system 

was 10 Hz. The direction and height of the UV laser beam were adjusted by two 

UVFS right angle prisms and formed to a laser sheet with 28 mm width and 200 

μm waist thickness by a cylindrical lens (UVFS, f = 75 mm) and a plano-convex 



85 

 

lens (UVFS, f = 500 mm). The width of laser sheet is just enough to illuminate 

almost all the region between the two nozzles of the burner. In the current 

experiments, laser energy was kept below 2 mJ to avoid photolytic 

decomposition or ionization of CO molecules. The light emission from the 

excited CO molecules was recorded by an intensified CCD (DH-534, Andor) with 

a modified Nikkor 50 mm f# / 1.2 lens. A positive achromatic doublet lens with 

300 mm focal length was placed in front of the camera lens to reduce the 

minimum focal distance of the camera lens from 450 mm to 180 mm. This 

reduction of minimum focal distance can increase the transmitted laser light 

intensity through the lens due to the increase of the light collection solid angle. 

The exposure time of the ICCD was set to 50 ns to minimize the contribution 

from flame chemiluminescence and 200 images were averaged to reduce 

imaging uncertainty. Due to the limitation of the ICCD, the imaging rate was 

fixed at 0.3 Hz. The measured images were postprocessed by a nonlinear 

diffusion filter [145] to smooth the results. Comparing to a medium pass filter, 

which is commonly used for smoothing “salt and pepper” noise, the nonlinear 

diffusion filter can preserve the edge information [145]. 

For suppressing the spectral crosstalk in CO TALIF, as discussed in the literature 

review, a custom-made interference filter was placed between the achromatic 

doublet lens and the camera lens to allow transmission of the light emission 

from excited CO molecules, while blocking laser light (230.1 nm), OH* (309 nm) 

and CH* (431 nm) chemiluminescence, as shown in Figure 2-10. Since the 

wavelength range of the C2 Swan band generates crosstalk with the CO 

Ångström band [14] at wavelength around 516 nm and 560 nm, a short pass 

filter with 500 nm cut-off wavelength can be placed in front of the custom-made 

interference filter. It should be pointed out that the origin of the C2 Swan band 

emission is from Laser Induced Fluorescence of the C2 molecule and not from 
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flame chemiluminescence. The literature reported that this crosstalk is only 

pronounced in stochiometric and rich C2 and C3 flames. To examine C2 crosstalk 

in methane flames, we compared the result with and without adding this short 

pass filter and found that no significant difference. This is due to the infinitesimal 

C2 concentration (ppb level in rich flames) in the premixed methane-air flame 

[21, 103].  

 

Figure 2-10 Simulated CO Ångström band and C2 Swan band spectrum as well as the 
transmission curve of the interference filter and short pass filter.  

To minimise the photolytic interferences in the CO TALIF measurement, several 

actions were taken. To prevent the CO2 photolytic interferences, we operated 

the CO excitation wavelength at 230.11 nm rather than 230.08 nm. In this 

excitation wavelength, the photolytic interference from CO2 is negligible [127]. 

The photolytic interference from CH4, however, is negligible, since the excitation 

laser wavelength used here is much longer than the popular CH4 photolysis 

wavelengths (121.6 nm and 193 nm [146]).  
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Since the measured signal intensity of Two Photon Laser Induced Fluorescence 

(TALIF) is proportional to the laser intensity at a power of two (at least, 

theoretically), the spatial distribution of the laser sheet intensity must be 

corrected for in the final data. To record the spatial distribution of the laser 

sheet intensity, a real time laser sheet monitoring configuration was added, as 

shown in Figure 2-11.  

After the laser sheet pass the Plano-convex lens, a 1 mm thick UVFS plate was 

placed in the laser light path at 45 degrees and served as a beam splitter. A UVFS 

cuvette filled by Coumarin 47 dye solution was placed in the light path of the 

reflected laser sheet. The distance between the cuvette and the beam splitter is 

the same as the distance between beam splitter and burner centre to ensure 

the same laser sheet intensity profile. The resulting fluorescent intensity from 

the dye in the cuvette was reflected by an uncoated 8:92 (R:T) Pellicle beam 

splitter to the edge of the ICCD lens. Positions and angles of the two beam 

splitters and cuvette were carefully adjusted to ensure the beam profile image 

did not interfere with the CO TALIF image. The advantage of this arrangement is 

that it can record the laser beam intensity profile on the same ICCD as the CO 

TALIF intensity and use the information to correct the recorded CO TALIF signal.  
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Figure 2-11 Optical configuration of real time spatial distribution of the laser sheet intensity 
monitoring system.  

Another challenge of the CO TALIF measurement is that the laser energy and the 

beam profile drift due to the short dye lifetime and low ICCD frame rate. Since 

the frame rate of the ICCD is 0.3 Hz, while the frequency of the Nd:YAG laser is 

10 Hz, only 1/30 of laser pulses were actually used for the measurement. The 

200 recorded images, that were averaged for each flow configuration, require 

at least 6000 shots of the laser. For the current pumping energy, the lifetime of 

the dye is less than 50000 shots and the laser beam energy and intensity profile 

from the dye laser started to deteriorate after the first 10000 shots. To 

overcome this issue, we measured the laser beam energy at the beginning and 

end of each measurement. The average of these two measured laser beam 

energies was used as the value of the laser beam energy for each measurement.  

2.2.5 Uncertainty analysis for ICCD based measurement 

Dussault [147] has extensive discussed the uncertainty of ICCD measurement, 

based on this paper and the technical notes [148] provided by the manufacture 
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of the ICCD we employed, the uncertainty of ICCD based measurement can be 

evaluated with following fashion: 

 U = 1/SNR = 1/[n0.5MDQE∗P (F2M2(DQEP + ND
2 ) + NR

2)0.5]⁄    (2-1) 

For the ICCD employed in current research, these parameters are  

U, the uncertainty for a measurement.  

M = 1000, the Gain factor of the intensifier, kept constantly for all the ICCD 

based measurements. 

F = 1.6, the noise factor. 

ND = 0.001, the dark noise. 

NR = 20, the readout noise. 

n = 300, the total averaged picture number.  

DQE, the quantum efficiency for the ICCD, variety with wavelength. 

P, Number of photons falling on the pixel(s).  

MDQEP , the averaged measured intensity of single expose, variety with 

wavelength, unit in count. 

Therefore, once the DQE and MDQEP, for each ICCD based measurement was 

determined, the uncertainty of each ICCD measurement can be deduced from 

equation 1.  

For chemiluminescence measurements, a typical condition (ER = 1.0, Strain rate 

= 240 s-1) was used to evaluate the MDQEP  for the wavelength ranges of 
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different excited species, based on equation 1, the uncertainty for different 

excited species are shown in Table 2-3.  

 OH* CH(A) C2
* 

CO2
* in 

OH* 

range 

CO2
* in 

CH(A) 

range 

CO2
* in 

C2
* 

range 

Total 

CO2
* 

DQE 0.11 0.18 0.1 0.11 0.18 0.1 0.1 

MDQEP 150000 45000 9000 22500 9000 4500 750000 

U (%) 
0.7542

5 

1.3770

6 

3.0792

3 

1.9474

6 

3.0792

2 

4.3547

2 

0.3373

1 

Table 2-3 𝐷𝑄𝐸, 𝑀𝐷𝑄𝐸𝑃, and uncertainty for global chemiluminescence measurement.  

For CO TALIF measurements, the SNR changes with equivalence ratio since the 

CO concentration change. Therefore, two equivalence ratios, 1.2 and 1.0, at 

strain rate = 240 s-1was used to evaluate uncertainty. The DQE = 0.15  is 

constant since the wavelength range is determined by the optical filters used for 

CO TALIF. Results for single pixel are shown in Table 2-4. This single pixel 

uncertainty can be treated as the uncertainty of CO TALIF intensity distribution. 

For the uncertainty of overall CO intensity for a specific flow configuration, since 

it is an accumulate of ~105 of pixels, the uncertainty was suppressed by the 

accumulation, therefore, it was less than 0.1%.  

Equivalence ratio 1.2 1.0 

DQE 0.15 0.15 

MDQEP, single pixel 250 50 

U (%), single pixel 18.481 41.377 

Table 2-4 𝐷𝑄𝐸, 𝑀𝐷𝑄𝐸𝑃, and uncertainty for CO TALIF measurement.  
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2.3 Numerical Methodology  

2.3.1 Modelling the counterflow burner flames 

The OPPDIF code [149] was employed to simulate the 1-D premixed counterflow 

flames. The results were obtained for equivalence ratio range between 0.6 and 

1.3 and strain rate range between 80 and 400 s-1, corresponding to the air-fuel 

mixture bulk velocity at the nozzle exit V = 1-5 m/s. The pressure and 

temperature of the fuel-air mixture were constantly set to 1 bar and 300K 

respectively. The transport coefficients were calculated using Mixture-averaged 

formulation.  

The absolute and relative tolerance for iteration were 10-13 and 10-6 respectively. 

The convection terms were discretized by windward scheme. We minimised the 

computational time by using an initial converged solution as an initial guess for 

a calculation with slightly different conditions (equivalence ratio, strain rate or 

fuel oxidant mechanism). The initial grid was given by the initial guess more 

points can be automatically added by OPPDIF into the regions for gradient and 

curvature adaptive grid control. The final mesh had 400 to 1200 points for each 

solution which depend on the flow condition and mechanism used.  

2.3.2 Modelling the shock-tube experiments  

For the modelling of shock tube experiments available in the literature, the 

Senkin code [150] was employed, based on a constant enthalpy and constant 

pressure assumption. The absolute and relative tolerance factors for the 

iteration were set to 10-20 and 10-8 respectively. The flow and mixture conditions 

used for the shock tube modelling were kept the same as those in the literature. 

Five H2-N2O-CO-Ar mixtures, noted as Mix 0 to Mix 4, were employed to assess 
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the CO2(1B2) formatting channels from CO. These mixtures correspond to those 

available in [109]. A CH4-O2-Ar mixture and a C2H4-O2-Ar mixture were adopted 

from [151] and [110] to assess the CO2(1B2) formatting channels from 

hydrocarbon. These conditions are listed in tables below. 

 H2 % N2O % CO % Ar % CH4 % O2 % C2H4 % 

Mix 0 [109] 0.05 1.0 3.0 95.95 0.0 0.0 0.0 

Mix 1 [109] 0.05 2.0 2.0 95.95 0.0 0.0 0.0 

Mix 2 [109] 0.024 0.988 0.988 98 0.0 0.0 0.0 

Mix 3 [109] 0.012 0.57 0.57 98.848 0.0 0.0 0.0 

Mix 4 [109] 0.0 0.5 1.5 98.0 0.0 0.0 0.0 

CH4 mixture [151] 0.0 0.0 0.0 99.1 0.3 0.6 0.0 

C2H4 mixture [110] 0.0 0.0 0.0 98.0 0.0 1.5 0.5 

Table 2-5 Mixture compositions, in percent volume, as those used in the shock tube 
experiments of reference [16]. 

Temperatu

re K 

Pressur

e (bar) 

Temperatu

re K 

Pressu

re 

(bar) 

Temperatu

re K 

Pressu

re 

(bar) 

Temperatu

re K 

Pressu

re 

(bar) 

Mix 0 [109] Mix 1 [109] Mix 2 [109] Mix 3 [109] 

1712 1.4 1700 1.5 1740 1.5 1723 1.5 

1761 1.4 1730 1.5 1789 1.5 1750 1.5 

1818 1.4 1802 1.5 1840 1.5 1844 1.5 

1936 1.4 1897 1.5 1896 1.5 1914 1.5 

2006 1.4 1911 1.5 1959 1.5 2110 1.5 

2105 1.4 1927 1.5 2059 1.5 2158 1.5 

2202 1.4 2015 1.5 2134 1.5 2239 1.5 

1650 10.5 2108 1.5 2230 1.5   

1737.5 10.5 2205 1.5     

1825 10.5 2222 1.5     
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1912.5 10.5  

2000 10.5 CH4 mixture [151] C2H4 mixture [110] Mix 4 [109] 

2087.5 10.5 1771 1.3 1680 1.32 1734 1.6 

2175 10.5 1850 1.3 1385 1.08 1741 1.6 

  1853 1.3   1743 1.6 

  1925 1.3   1767 1.6 

  1961 1.3   1842 1.6 

  2005 1.3   1862 1.6 

  2053 1.3   1888 1.6 

  2092 1.2   1920 1.6 

  2225 1.3   1954 1.6 

  2253 1.3   1968 1.6 

  1606 14   1984 1.6 

  1640 14   2083 1.6 

  1803 14   2094 1.6 

  1842 14   2100 1.6 

  1896 14   2155 1.6 

  2005 14   2217 1.6 

Table 2-6 initial conditions for the modelling of shock-tube experiments 

2.4 Chemical Kinetics Model 

2.4.1 Chemical kinetics model for fuel-oxidant reaction 

Three typical fuel-oxidant reaction chemical kinetics mechanisms were selected 

to examine the dependence of the chemiluminescence sub-mechanism on the 

fuel-oxidant mechanism. 

The first mechanism is GRI-Mech 3.0, which is used as a baseline case, because 

it is widely used for chemiluminescence sub-mechanism development. 
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The second is USC Mech Version 2 that is treated as an extended version of GRI-

Mech 3.0 to enhance its ability to predict propane flames. 

Finally, to examine the performance of chemiluminescence sub mechanism with 

a relative low-cost mechanism, the University of California San Diego 

Mechanism (UCSD Mech) is also employed.  

GRI-Mech 3.0 

GRI-Mech 3.0 [152] is the most widely used and validated mechanism for 

modelling natural gas combustion. It includes the reactions for hydrogen, carbon 

monoxide, methane, ethylene and propane combustion. However, the scope of 

the propane chemistry is minimized. It is competent for modelling fuel 

combustion, which includes propane as a minor constituent. Thus, this 

mechanism can be treated as a “perfect” C1 mechanism, but a “pseudo” C1-C3 

mechanism. This mechanism includes NO formation and reburn chemistry for 

predicting NOx emissions. The GRI-Mech 3.0 contains 325 reactions and 56 

species, and all the reactions and the corresponding thermochemical data as 

well as the transport coefficients can be found on its website. Since it is the most 

widely accepted reaction mechanism for natural gas combustion, most 

chemiluminescence sub-mechanisms are developed linked with this mechanism, 

except Petersen group from Texas A&M University [77, 95, 108, 109, 151, 153-

157]. 

USC Mech Version 2 

USC Mech Version 2 [158] is a recent mechanism for modelling high 

temperature oxidation of hydrogen, carbon monoxide and C1-C4 hydrocarbons. 

The C1 and C2 reactions are based on GRI-Mech 1.2, 3.0 and an ethylene and 

acetylene reaction model [159]. It also includes reactions for benzene and 
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toluene oxidation. Therefore, this reaction includes 111 species and 784 

reactions, which is relative complex. This mechanism does not include NOx 

reactions.  

University of California San Diego Mechanism (UCSD Mech) 

USCD Mech (2014 Version) is another widely used mechanism for hydrogen, 

carbon monoxide and C1-C3 hydrocarbons combustion. The philosophy of the 

development of this mechanism is to minimize the required species and 

reactions for describing the calibration target. Thus, the computational cost and 

uncertainty are limited. 50 species and 247 reactions are included in this 

mechanism.  

2.4.2 Chemical kinetics model for excited molecules 

The assembly of the chemiluminescence sub-mechanism requires the 

knowledge of the formation and consumption reactions of excited species, as 

discussed in the introduction. In the present study, the chemiluminescence sub-

mechanism is initially adopted from the literature [21] and modified by updating 

reaction rate constants of R2 from [78]. The CO2
* chemiluminescence model 

from Petersen group [108, 109], as addressed in the literature review, were 

added in the chemiluminescence sub-mechanism. The modelling of formation 

of CH(A) and C2
* species and additional reactions of C, C2, C3, C2O, C3H and C3H2 

were added into the chemiluminescence sub-mechanism in the current thesis. 

The detailed validation of these additional reactions can be found in [21]. The 

addition of the chemiluminescence sub-mechanism does not alter the validation 

of the ground state chemistry. All the reactions and the source of their reaction 

rate constants are listed in Table 2-7. The thermodynamic data for addition 

species are chosen form Burcat's thermodynamic data base [160-162].  
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Reaction A (cm3/mol/s) n E (cal/mol) No. Ref. 

OH* reactions 

Formation 

H+O+M<=>OH*+M 1.50E+13 0 5975 R1 [81] 

H2/1.0/ H2O/6.5/ O2/0.4/ AR/0.35/ N2/0.40/ CO/0.75/ CO2/1.5/ CH4/0.66/ 

CH+O2<=>OH*+CO 8.00E+10 0 0 R2 [78] 

Radiative quenching 

OH*=>OH 1.45E+06 0 0 R3 [163] 

Collisional quenching 

OH*+O2<=>OH+O2 2.10E+12 0.5 -483 R4 [163] 

OH*+H2O<=>OH+H2O 5.93E+12 0.5 -863 R5 [163] 

OH*+H2<=>OH+H2 2.95E+12 0.5 -445 R6 [163] 

OH*+CO2<=>OH+CO2 2.76E+12 0.5 -970 R7 [163] 

OH*+CO<=>OH+CO 3.23E+12 0.5 -789 R8 [163] 

OH*+CH4<=>OH+CH4 3.36E+12 0.5 -636 R9 [163] 

OH*+OH<=>OH+OH 6.01E+12 0.5 -762 R10 [163] 

OH*+H<=>OH+H 1.31E+13 0.5 -167 R11 [163] 

OH*+AR<=>OH+AR 1.69E+12 0 4140 R12 [164] 

OH*+N2<=>OH+N2 1.08E+11 0.5 -1238 R13 [163] 

CH (A) reactions 

Formation 

C2H+O2<=>CH(A)+CO2 3.20E+11 0 1601 R14 [92] 

C2H+O<=>CH(A)+CO 2.50E+12 0 0 R15 [92] 

C2+OH<=>CH(A)+CO 1.11E+13 0 0 R16 [103] 

C+H+M<=>CH(A)+M 3.63E+13 0 0 R17 [103] 

H2/1.0/ H2O/6.5/ O2/0.4/ AR/0.35/ N2/0.40/ CO/0.75/ CO2/1.5/ CH4 /0.66 / 

Radiative quenching 

CH(A)=>CH 1.86E+06 0 0 R18 [103] 

Collisional quenching 

CH(A)+O2<=>CH+O2 2.48E+06 2.14 -1721 R19 [163] 
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CH(A)+CO2<=>CH+CO2 2.40E-01 4.3 -1697 R20 [163] 

CH(A)+CO<=>CH+CO 2.44E+12 0.5 0 R21 [163] 

CH(A)+CH4<=>CH+CH4 1.73E+13 0 167 R22 [163] 

CH(A)+H2O<=>CH+H2O 5.30E+13 0 0 R23 [163] 

CH(A)+H<=>CH+H 2.01E+14 0 1362 R24 [163] 

CH(A)+OH<=>CH+OH 7.13E+13 0 1362 R25 [163] 

CH(A)+H2<=>CH+H2 1.47E+14 0.5 1362 R26 [163] 

CH(A)+AR<=>CH+AR 3.13E+11 0 0 R27 [165] 

CH(A)+N2<=>CH+N2 3.03E+02 3.4 -381 R28 [163] 

CH (B) reactions 

Formation 

C2H+O2<=>CO2+CH(B) 4.27E+10 0 1601 R29 [79] 

C2H+O<=>CO+CH(B) 3.33E+11 0 0 R30 [79] 

C2+OH<=>CO+CH(B) 1.48E+12 0 0 R31 [79] 

C+H+M<=>CH(B)+M 4.84E+12 0 0 R32 [79] 

H2/1.0/ H2O/6.5/ O2/0.4/ AR/0.35/ N2/0.40/ CO/0.75/ CO2/1.5/ CH4 /0.66 / 

Radiative quenching 

CH(B)=>CH 2.50E+06 0 0 R33 [166] 

Collisional quenching 

CH(B)+H2O<=>CH+H2O 5.30E+13 0 0 R34 [79] 

CH(B)+H<=>CH+H 2.01E+14 0 1362 R35 [79] 

CH(B)+OH<=>CH+OH 7.13E+13 0 1362 R36 [79] 

CH(B)+CO<=>CH+CO 2.44E+12 0.5 0 R37 [79] 

CH(B)+H2<=>CH+H2 1.47E+14 0.5 1362 R38 [79] 

CH(B)+O2<=>CH+O2 3.90E+13 0 0 R39 [79] 

CH(B)+CO2<=>CH+CO2 4.00E+13 0 0 R40 [79] 

CH(B)+CH4<=>CH+CH4 1.65E+13 0 0 R41 [79] 

CH(B)+AR<=>CH+AR 6.60E+11 0 0 R42 [165] 

Intersystem exchange 

CH(B)=>CH(A) 5.00E+07 0 0 R43 [79] 
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C2
* reactions 

Formation 

CH2(S)+C<=>C2
*+H2 2.40E+12 0 0 R44 [103] 

C3+O<=>C2
*+CO 4.20E+11 0 0 R45 [103] 

Radiative quenching 

C2
*=>C2 1.00E+07 0 0 R46 [103] 

Collisional quenching 

C2
*+O2<=>C2+O2 4.80E+13 0 0 R47 [103] 

C2
*+CO2<=>C2+CO2 4.80E+13 0 0 R48 [103] 

C2
*+H2O<=>C2+H2O 4.80E+13 0 0 R49 [103] 

C2
*+CO<=>C2+CO 4.80E+13 0 0 R50 [103] 

C2
*+CH4<=>C2+CH4 4.80E+13 0 0 R51 [103] 

C2
*+H2<=>C2+H2 4.80E+13 0 0 R52 [103] 

C2
*+AR<=>C2+AR 4.80E+13 0 0 R53 [103] 

CO2
* reactions 

Formation 

CO+O+M<=>CO2
*+M 4.00E+14 0 2384 R54 [109] 

H2/2.0/ H2O/12/ CO/1.75/ AR/0.7/ CO2/3.6/ 

HCO+O<=>CO2
*+H 3.00E+13 0 0 R55 [109] 

 

CO2
*=> CO2 1E+6 0 0 R56 [108] 

Collisional quenching 

CO2
*+AR<=>CO2+AR 8.42E+12 0.5 0 R57 [109] 

CO2
*+H2O<=>CO2+H2O 8.34E+12 0.5 0 R58 [109] 

CO2
*+CO2<=>CO2+CO2 9.12E+12 0.5 0 R59 [109] 

CO2
*+CO<=>CO2+CO 9.69E+12 0.5 0 R60 [109] 

CO2
*+H<=>CO2+H 3.07E+13 0.5 0 R61 [109] 

CO2
*+H2<=>CO2+H2 2.27E+13 0.5 0 R62 [109] 

CO2
*+O2<=>CO2+O2 8.77E+12 0.5 0 R63 [109] 

CO2
*+O<=>CO2+O 9.82E+12 0.5 0 R64 [109] 
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CO2
*+OH<=>CO2+OH 9.87E+12 0.5 0 R65 [109] 

CO2
*+CH4<=>CO2+CH4 1.19E+13 0.5 0 R66 [109] 

CO2
*+N2<=>CO2+N2 9.96E+12 0.5 0 R67 [109] 

C reactions 

C+H2O<=>HCO+H 3.00E+12 0 0 R68 [79] 

C+OH<=>H+CO 5.00E+13 0 0 R69 [79] 

C+OH<=>CH+O 2.41E+14 0 21750 R70 [79] 

C+CH<=>C2+H 1.00E+12 0 0 R71 [79] 

C+CH2<=>C2+H2 3.00E+12 0 0 R72 [79] 

C+CH2(S)<=>C2+H2 3.00E+12 0 0 R73 [79] 

C2 reactions 

C2H+O<=>C2+OH 1.20E+13 0 0 R74 [79] 

C2H+H<=>C2+H2 6.20E+13 0 17447 R75 [79] 

C2+OH<=>C2O+H 5.00E+13 0 0 R76 [79] 

C2+O2<=>CO+CO 9.00E+12 0 980 R77 [79] 

C2+O<=>CO+C 1.00E+14 0 0 R78 [79] 

C2+OH<=>CH+CO 5.00E+13 0 0 R79 [79] 

C2+CH4<=>C2H+CH3 3.00E+13 0 590 R80 [79] 

C2+C2H2<=>C2H+C2H 1.00E+14 0 0 R81 [79] 

C2+C2H4<=>C2H+C2H3 1.00E+14 0 0 R82 [79] 

C2+C2H6<=>C2H+C2H5 5.00E+13 0 0 R83 [79] 

C2O reactions 

C2+O2<=>C2O+O 2.00E+14 0 8080 R84 [79] 

CH+CO=>C2O+H 1.90E+11 0 0 R85 [79] 

C2O+O<=>CO+CO 4.80E+13 0 0 R86 [79] 

C2O+OH<=>CH+CO2 2.00E+13 0 0 R87 [79] 

C3 reactions 

C+C2H<=>C2+H 2.00E+16 -1 0 R88 [79] 

C2+CH<=>C2+H 5.00E+13 0 0 R89 [79] 

C2+OH<=>CO+C2H 8.00E+13 0 0 R90 [79] 
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C2+O2<=>CO2+C2 9.00E+11 0 21859 R91 [79] 

C2+O<=>CO+C2 5.00E+13 0 0 R92 [79] 

C2H2 reactions 

CH+C2H2<=>C2H2+H 9.00E+13 0 -500 R93 [79] 

C2H+H2=>C2H2+H 4.10E+05 2.4 1000 R94 [79] 

C2H2+O<=>HCO+C2H 4.00E+13 0 0 R95 [79] 

C2H2+OH<=>HCO+C2H2 1.00E+13 0 0 R96 [79] 

C2H reactions 

C2+H2<=>C2H+H 4.10E+05 2.4 22000 R97 [79] 

CH+C2H<=>C2H+H 5.00E+13 0 0 R98 [79] 

C2H+O<=>CO+C2H 4.00E+13 0 0 R99 [79] 

C2H+OH<=>CO+C2H2 2.00E+13 0 0 R100 [79] 

C2H+O2<=>CO+HCCO 3.00E+13 0 0 R101 [79] 

Table 2-7 Reactions of the assembled Chemiluminescence sub-mechanism.   

2.5Conclusions  

In this chapter, we elaborate the experimental facilities, including counterflow 

burner and its gas supply system, two chemiluminescence measuring methods 

and optical arrangement for CO TALIF. The non-uniform spectral response of 

two chemiluminescence measuring methods are discussed to illustrate the 

factors have been considered in the calibration. For CO TALIF measurement, we 

discussed the source of spectral crosstalk and photolytic interferences and the 

uncertainty brought by laser intensity. A series of actions are taken to minimize 

these issues in CO TALIF measurement. Based on these understanding on 

uncertainty source, we comprehensively discuss the uncertainty of the 

measurements from gas supply system, collecting optics arrangement, 

calibration process, spectrograph and ICCD. In the meantime, the numerical 

methodology and chemical kinetics models employed by present study are 
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discussed in detail. The chemiluminescence sub-mechanism assembled in 

present study includes the formation and quenching reactions for OH*, CH(A), 

CH(B), C2
*, and CO2

*, which is the most comprehensive one. There typical fuel 

oxidant mechanisms are introduced to test their compatibility with 

chemiluminescence sub-mechanism and the uncertainty brought by them.  
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Chapter 3 Experimental Study of Chemiluminescence 

Characteristics for Premixed Flames 

3.1 Introduction  

This chapter describes experiments performed in the counterflow burner with 

single fuel and binary fuel mixture fuelled flames. Two chemiluminescence 

measuring methods, spectrally resolved and spatially resolved, were performed 

to measure the chemiluminescent spectra and the intensities emitted from OH*, 

CH(A), C2
*, CO2

* radicals and their ratios in the premixed methane flames. These 

two measurements were compared to each other to validate the methodology 

and calibration described in the previous chapter. The detailed spectra of OH*, 

CH(A) and C2
* were analysed to provide rich spectroscopy discussion on self-

absorption, vibrational and rotational energy transfer and formation chemistry 

of excited molecules. CO2
* effect on OH*, CH(A), C2

* measurements was 

evaluated, especially for the near lean extinction flames, which could provide 

useful information for chemiluminescence sensor design for flame monitoring 

and chemistry kinetics evaluation. 

Heat release rate is known to depend on parameters such as equivalence ratio, 

fuel mass flow rate, preheat temperature of mixture, pressure and local flame 

strain rate. The definition of heat release rate is the heat released due to 

chemical reactions per unit time and unit volume (i.e. units of J/m3 s). The 

emitted chemiluminescent intensity from different species has been used 

extensively to indicate the Heat Release Rate (HRR) of flames. Also, different 

combinations of the intensity ratios have been used to measure the equivalence 

ratio of the reacting mixtures. Therefore, this chapter will evaluate the 
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performance of flame chemiluminescence to monitor HRR and equivalence ratio 

of flames. In particular, the dependence of the intensity ratios on flame strain 

rate will be examined, since its value varies in turbulent flames and the 

parameter used in any monitoring sensor should be independent of flame strain 

rate. Therefore, proposed correlations between chemiluminescence 

characteristics and flame heat release rate, equivalence ratio and fuel 

composition will be examined, which improve the ability to use 

chemiluminescence for flame monitoring. A systematic analysis of the flame 

spectra, molecule thermal state, chemistry of excited species and macroscopic 

chemiluminescence phenomena are reported.  

These findings will be described in the rest of this chapter. Section 3.2addresses 

the OH*, CH(A), C2
* and CO2

* chemiluminescence in counterflow methane-air 

premixed flames, based on spectrally resolved and spatially resolved 

measurements. Section 3.3discusses the OH*, CH(A), C2
* and CO2

* 

chemiluminescence characteristics of counterflow methane-air premixed 

flames. Section 3.4 focuses on the fuel blend composition effects on the 

chemiluminescence. Finally, Section 3.5 provides a brief conclusion on the 

findings. 

3.2 Experimental Study of Chemiluminescence Characteristics 

for Premixed Methane – air Flames 

3.2.1 Global OH*, CH(A), C2
* and CO2

* Chemiluminescence in 

Counterflow Methane-air Premixed Flames 

Since the line of sight optics focused the overall light emission from the twin 

flames at the same focal point and delivered it to the spectrograph, the 

chemiluminescence measured by the spectrally resolved line of sight detection 



104 

 

system is noted as the global chemiluminescence. In this section, global 

chemiluminescent intensities of CO2
*, OH*, CH(A) and C2

* are reported. The 

ability of using global chemiluminescence to infer heat release rate and 

equivalence ratio is evaluated in this section. 

Global flame spectra of premixed methane-air flames 

The global flame spectra were obtained using the spectrally resolved line of sight 

detection system for equivalence ratio range from 0.6 to 1.3 and strain rate 

range between 80 and 400 s-1. Two selected spectra for a = 80 s-1, ER = 0.6 and 

1.1 are shown in Figure 3-1. The selected characteristic wavelength ranges of 

OH* and CH(A) are about 280 to 335 nm and 420 to 440 nm respectively. The 

CH(A) intensity was quite weak for ER=0.6 for all strain rates considered in this 

work, as shown in Figure 3-1 (a1). Emissions from CH(B) and C2
* radicals can be 

detected in flames with an equivalence ratio higher than 0.8, shown in Figure 

3-1 (b). CO2
* exhibited a continuous spectrum with its intensity decreasing from 

270 to 700 nm. For stoichiometric and rich flames, as shown in Figure 3-1 (b3), 

the three head groups of the C2
* Swan Band appeared in the ranges of 465 to 

475 nm, 500 to 520 nm and 540 to 570 nm respectively. 
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Figure 3-1 Global Flame spectra, measured with line of sight system, for flame strain rate of 
a=80 s-1 and equivalence ratio ER=0.6 and 1.1. 
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Figure 3-2 shows the normalized highly-resolved OH*, CH(A) and C2
* 

chemiluminescence spectra for strain rate a=120 s-1 and various equivalence 

ratios. The simulated spectra of OH* and CH(A) were calculated by using LIFBASE 

[167], considering a rotational and vibrational temperature of 2000 K, while the 

simulated spectrum of C2
* is calculated by SPARTAN 2.6 at the same 

temperature. The simulated spectra were assumed to be at thermal equilibrium. 

The simulation and measurement generally achieved a good agreement, 

especially for CH(A) and C2
* spectra. However, the measured OH* spectral 

intensities for ER=1.0 (Figure 3-2 (a1)) were more than four times stronger than 

the simulated intensities of OH*(A, 1-1) and OH*(A, 2-2) in the wavelength range 

from 312 to 320 nm (Figure 3-2 (a3)). As a consequence, the measured OH(A, 0-

0) intensity was four times lower than the simulated value. Similar phenomena 

were observed for all the strain rates. This difference means that the measured 

OH* spectra were not in thermal equilibrium. It should be pointed out that the 

spectra being at a non-equilibrium condition does not only mean that the OH* 

itself is at non-equilibrium: the OH* spectral emission could be absorbed by the 

ground state OH, which can redistribute the OH* spectra. This effect can be 

found in the spectral emission measurements in premixed methane Bunsen 

burner conical flames (Kojima et al. [49]), premixed methane conical flames with 

a flat flame as the absorption media (Sadanandan et al. [69]) and premixed 

methane flat flames (Brockhinke et al. [79]). Because of the short absorption 

length of the conical shape flame and the avoidance of flame emissions from 

regions outside the probe volume of the Cassegrain optics, the OH self-

absorption effect was limited in Kojima et al. results [49]. However, in 

Sadanandan et al. [69] and Brockhinke et al. [79], due to the flat flame 

absorption and the employment of line of sight optics, the OH* spectral 

emissions showed significant relative high intensity in the wavelength range 
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from 312 to 320 nm, which is similar to the present study. To assess the 

absorption rate of the OH(A, 0-0), we used the intensity ratio between OH(A, 0-

0) and OH(A, 1-1, 2-2) from experiment and simulation to calculate attenuation 

of chemiluminescent intensity for OH(A, 0-0) by following equation: 

 attenuation = (
𝐼OH(A,0−0)

𝐼OH(A,1−1,2−2)
)

𝑒𝑥𝑝

(
𝐼OH(A,0−0)

𝐼OH(A,1−1,2−2)
)

𝑠𝑖𝑚

⁄    (3-1) 

We also included OPPDIF modelled flames using GRI-Mech 3.0 to obtain 

electronic ground state OH(X), mole fraction as a reference for OH(X) absorption 

strength, as shown in Figure 3-3. The attenuation calculated here agrees very 

well with the only available data. The attenuation for ER=0.8 is 57.4% in present 

study, while, it is 54.9% in the literature [79] for the same ER. Generally, the 

attenuation increased with OH(X) mole fraction, which further proved that the 

change of OH(A) spectra is due to self-absorption. The value of the attenuation 

is between 34% and 62%, which means that this effect can introduce 50% 

uncertainty on OH* intensity measurement, except for very lean flame 

conditions. It should be noted that the flat shape flame employed here should 

be treated as the worst case due to its long absorption path length. However, 

the location of collecting optics should not be arranged facing upstream of the 

flame propagation direction due to the high OH(X) concentration in the post 

flame region. Moreover, the selection of band pass filter could also influence 

this uncertainty. Petersen group [157] has reported that the OH* 

chemiluminescence in H2 - O2 system measured with an optical filter with 

wavelength range of 290 - 370 nm (UG11) transmission was more sensitive to 

temperature elevation than the measured intensity with 10 nm width bandpass 

filter. The finding reported in the present study can interpret the results in the 
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literature [157]: the OH* measured with 10 nm width band pass filter has a 

higher attenuation from self-absorption, thus, its intensity was suppressed.  

 

Figure 3-2 Normalized highly-resolved global chemiluminescence spectra from (a) OH*, (b) 
CH(A) and (c) C2

* for flame  strain rate of a=120 s-1 and different equivalence ratios, as shown 
on the graphs 

 

Figure 3-3 Chemiluminescent intensity ratio between OH(A, 0-0) and OH(A, 1-1, 2-2), 
normalized by OH mole fraction, and OH(A, 0-0) attenuation as a function of equivalence ratio.  
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This absorption effect from ground state species was not found in CH(A) and C2
* 

chemiluminescence, seen Figure 3-2 (b) and Figure 3-2 (c) respectively. The 

experimental and numerical results agreed quite well for all the measured 

spectra. The experimental results did not show any absorption effects from the 

ground state CH and C2 molecules. This is due to the low CH and C2 concentration 

in methane air flames, as it is also supported by experimental and numerical 

results from Köhler et al.[168], Panoutsos et al [20] and Smith et al. [103]. The 

CH mole fraction was four orders of magnitude lower than that of OH for strain 

rate a= 320 s-1, ER=0.7 atmospheric pressure counterflow flame [20, 168], and 

the mole fraction of C2 is even three orders of magnitude less than the CH in a 

rich methane flame [103, 168]. 

Global chemiluminescent intensity of CO2
*, OH*, CH(A) and C2

* for premixed 

methane – air flames 

CO2
* chemiluminescence has been proposed as an indicator of the Heat Release 

Rate (HRR) position and magnitude by several studies. It is the main contributor 

of background emission at the wavelengths of the other chemiluminescent 

species and, thus, CO2
* chemiluminescent intensity is discussed before the other 

main chemiluminescent emissions.  

The global CO2
* background emission intensities in the OH* wavelength range 

are plotted in Figure 3-4 (a) after normalized by the maximum intensity. Since 

the global CO2
* emissions vary with wavelength, see Figure 3-1, the CO2

* 

chemiluminescent intensity at different wavelength regions and its contribution 

to the light emissions from other chemiluminescent emitters need to be 

assessed separately, according to the following equations: 

 𝐼𝐶𝑂2
∗𝑂𝐻∗ = 0.5 × [∫ 𝐼(𝜆)𝑑𝜆

296𝑛𝑚

294𝑛𝑚
+ ∫ 𝐼(𝜆)𝑑𝜆

334𝑛𝑚

332𝑛𝑚
]   (3-2) 
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 𝐼𝐶𝑂2
∗𝐶𝐻(𝐴) = 0.5 × [∫ 𝐼(𝜆)𝑑𝜆

411𝑛𝑚

409𝑛𝑚
+ ∫ 𝐼(𝜆)𝑑𝜆

442𝑛𝑚

440𝑛𝑚
]   (3-3) 

 𝐼𝐶𝑂2
∗𝐶2

∗ = 0.5 × [∫ 𝐼(𝜆)𝑑𝜆
493𝑛𝑚

491𝑛𝑚
+ ∫ 𝐼(𝜆)𝑑𝜆

532𝑛𝑚

530𝑛𝑚
]   (3-4) 

 

Figure 3-4 Global chemiluminescent intensity from methane flames, normalized by the 
maximum recorded value, emitted from (a) CO2

*, (b) OH*, (c) CH(A) and (d) C2
*; with CO2

* 
background emission correction (scatters) and without CO2

* background emission correction 
(lines). 

The measured CO2
* intensity showed maximum value close to stoichiometry for 

all six flame strain rates, as shown in Figure 3-4 (a). This result suggests that the 

CO2
* intensity can be used to indicate the HRR magnitude, because the HHR is 

also maximum near stoichiometry [20]. The contributions of the CO2
* intensity 

on the CH(A) and C2
* spectral ranges were similar to those at the OH* wavelength 

range and are not presented here.  
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Figure 3-4 (b), Figure 3-4 (c) and Figure 3-4 (d) show the normalized global OH*, 

CH(A) and C2
* chemiluminescent intensities with and without CO2

* background 

emission correction. The wavelength ranges used for calculating the OH*, CH(A) 

and C2
* chemiluminescent intensities were the same as the transmitting ranges 

of the interference filters described in the previous chapter to ensure a fair 

comparison between the results measured by different systems. Similar to CO2
* 

chemiluminescent intensity, the chemiluminescent intensities of OH* and CH(A), 

both with and without correction for the CO2
* contribution, showed maximum 

values at ER=1.0 or 1.1 for all examined flame strain rates. Thus, these two 

chemiluminescent emissions can be employed as HHR indicators. However, as 

shown in Figure 3-4 (d), C2
* intensity showed maximum values at ER=1.1 or 1.2, 

which is in agreement with the results from Docquier et al. [60] and Stamatoglou 

[169]. The OH* intensity had flatter profiles, compared to those of CH(A), 

especially when the effect of the CO2
* background intensity is not considered. 

This was expected and it has been previously reported in other experimental 

studies [3, 19], but has not yet been supported by numerical investigations [20].  

Moreover, a difference can be observed between the chemiluminescent 

intensities with and without the CO2
* background emission of the CH(A) and C2

* 

chemiluminescence (Figure 3-4 (c) and Figure 3-4 (d)). To assess the contribution 

of CO2
* background emission to the CH(A) and C2

* chemiluminescent intensities, 

the CO2
* chemiluminescent intensities in the CH(A) and C2

* wavelength ranges, 

normalized by CO2
*chemiluminescent intensities in the OH* band range, are 

shown in Figure 3-5. Generally, the CO2
* chemiluminescent intensity has higher 

value in the OH* range, since all the values in Figure 3-5 are less than unit. The 

normalized CO2
* intensity behaviour can be distinguished between two 

wavelength ranges with different intensity. The CO2
* chemiluminescent 

intensity in the CH(A) range is about 2 times stronger than that in the C2
* range. 
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The relative CO2
* intensity ratios between different wavelength are not constant, 

but they vary with strain rate and equivalence ratio. Only the overall CO2
* 

chemiluminescent intensity from 270 to 700 nm can indicate the CO2
* 

chemiluminescence behaviour for different flame conditions. However, 

measuring the overall CO2
* chemiluminescent intensity, while excluding other 

major chemiluminescence contributors, is difficult in shock tube experiment. 

Therefore, measured CO2
* chemiluminescent characteristics from fundamental 

flames, such as opposed jet flames, are better calibration target than shock tube 

experimental data.  

 

Figure 3-5 Global CO2
* chemiluminescent intensity for methane flames within the CH(A) range 

and C2
* ranges, normalized by the CO2

* chemiluminescent intensity within the OH* range. 

The contribution of CO2
* chemiluminescence on the measured OH*, CH(A) and 

C2
* chemiluminescent intensity signals is evaluated in Figure 3-6. The 

contributions of CO2
* and the other excited molecules can be converted by 

following equation:  
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 X∗/(X∗ + CO2
∗) = 1 − CO2

∗/(X∗ + CO2
∗)   (3-5) 

where X* denotes OH*, CH(A) or C2
*.  

It is shown that the CO2
*/(OH*+CO2

*) ratio remained constant for all strain rates 

and equivalence ratios. While the contribution from CO2
* in the C2

* range was 

found to be constant at about 0.95 for lean flames and it is dramatically 

decreased to 0.25 at ER=1.3. The ratio between the intensities of background 

CO2
* and CH(A) decreased monotonically with equivalence ratio and remained 

independent of the flame strain rate. The observed CH(A)/(CH(A)+CO2
*) and 

OH*/(OH*+CO2
*) results agree well with literature results for methane/air flames 

[19, 53, 113, 170]. Particularly, in the experimental work of Nori and Seitzman 

[53, 113], the CH(A)/(CH(A)+CO2
*) ratio decreased from 0.9 to 0.65 as the 

equivalence ratio increased from 0.65 to 1.0, while in the present study, it 

decreased from 0.91 to 0.7 as the equivalence ratio increased from 0.6 to 1.0. 

The CH(A)/(CH(A)+CO2
*) and OH*/(OH*+CO2

*) are generally independent of 

strain rate, while the C2
*/(C2

*+CO2
*) is highly dependent on strain rate, especially 

when ER was higher than 0.9. This is due to the origin of the C2
* intensity 

measured in lean flames, which was actually from the CO2
* emission, as shown 

in Figure 3-4 (d). Therefore, based on the above discussion, the 

CH(A)/(CH(A)+CO2
*) ratio is a potential indicator of the equivalence ratio in 

premixed methane-air flames, while OH*/(OH*+CO2
*) and C2

*/(C2
*+CO2

*) ratios 

are not appropriate. 
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Figure 3-6 Contribution of global CO2
* chemiluminescence on the OH*, CH(A) and C2

* 
chemiluminescent intensity signals for premixed methane flames at different flame strain 
rates and equivalence ratios. 

Figure 3-6 also shows that the CO2
* contribution to measured chemiluminescent 

intensities was quite considerable, especially for lean flames. This is very critical 

for the measurement of the reaction rate constants for R1, R2, R14-17, and R44, 

45, which represent the formation reactions for OH*, CH(A) and C2
* respectively. 

The CO2
* contribution can be suppressed by using narrow band transmission 

filters, for example 10 nm, even 2 nm FWHM band width. Thus, we re-evaluated 

the results of Figure 3-6 with 10 nm and 2nm FWHM bandwidth, as shown in 

Figure 3-7. The filters’ parameters are listed in Table 3-1. However, there are still 

several issues: 

1. For OH*, a narrow band filter can suppress the CO2
* contribution lower than 

30%. However, using a narrow band filter will increase the self-absorption effect, 

as discussed above. 
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2. A narrow band filter will reduce the signal intensity, which will lead to a lower 

SNR, especially for lean flames. Several shock tube measurements of the OH* 

time history profiles [77, 81, 157] have shown moderate SNR for the trailing 

edge of the profile. 

3. For CH(A), even with a 2 nm FWHM filtered intensity, the CO2
* emission still 

contributes more than 70% and 25% of the signal intensity for ER = 0.6 and ER = 

1.0 cases. Several studies [171, 172] did not consider CO2
* contribution for their 

measured X* intensity. However, the present study shows that this omission of 

the CO2
* emission is not proper, no matter how narrow the optical filter’s 

transmission width is. Since the behaviour of the X*/(X*+CO2
*) ratios for FWHM 

10 nm and 2nm optical filter width cases were similar to the results shown in 

Figure 3-6, only the averaged values over the examined flame strain rate ranges 

are shown in Figure 3-7.  

 Filter transmission range 

FWHM 10 nm 2 nm 

OH* 305 – 315 nm 307.5 – 309.5 nm 

CH(A) 425 – 435 nm 430 – 432 nm 

C2
* 511.5 – 521.5 nm 515.5 – 517.5 nm 

Table 3-1 Filter transmission range used for evaluating filter effect on X*/(X*+CO2
*) behaviour.  
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Figure 3-7 Contribution of global CO2
* chemiluminescence on the OH*, CH(A) and C2

* 
chemiluminescent intensities for methane-air premixed flames for different flame strain rates 
and for different optical filter wavelength width ranges.  

Global chemiluminescent intensity ratios for premixed methane – air flames 

Figure 3-8 presents the chemiluminescent intensity ratio of OH* and CH(A) as a 

function of ER with and without the CO2
* background intensity. Both approaches 

generally revealed the same qualitative trend, namely the OH*/CH(A) ratio 

decreased monotonically as the equivalence ratio increased from 0.7 to 1.3. 

However, the OH*/CH(A) ratio without correcting for the CO2
* background 

slightly increased with ER in the range between 0.6 and 0.7 for strain rates a = 

120 s-1 and 160 s-1.  
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Figure 3-8 Global chemiluminescent intensity ratios of OH*/CH(A) for methane flames at 
different strain rates and equivalence ratios; (a) results without CO2

* background correction; 
(b) results with CO2

* background correction, the literature data is from Cheng et al. [173] 

This non-monotonic behaviour has been reported in some other studies [58, 59, 

100, 170, 174]. It is caused by the high CO2
* contribution on the measured OH* 

and CH(A) chemiluminescent intensities, as discussed earlier. Therefore, it can 

be erased by removing the contribution of CO2
* background emission intensity 

on the OH* and CH(A) chemiluminescence, as shown in Figure 3-8 (b). The slope 

of the curves of the OH*/CH(A) intensity ratio after CO2
* background removal for 

lean flames was much higher than the slope of the same ratio when the CO2
* 

background contribution was not removed. The reason for this high slope is due 

to the different magnitude of OH*/(OH*+CO2
*) and CH(A)/(CH(A)+CO2

*) 

behaviour (Figure 3-6). Moreover, the OH*/CH(A) chemiluminescent intensity 

ratio after the CO2
* background removal was in good agreement with the same 

ratio obtained from the results of Cheng et al. [173] in a premixed swirl stabilized 

methane burner. Small deviations were found for ER = 0.8 and ER = 0.9 flames, 

probably because of the different burner geometry and collecting optical 

arrangements.  
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Since a narrow bandwidth optical filter can partially remove the CO2
* 

contribution, as discussed, the behaviour of the OH*/CH(A) chemiluminescent 

intensity ratios, filtered by 10 nm and 2 nm band width filters, was examined 

and presented in Figure 3-9. It can be seen that the 10 nm band width filtered 

OH*/CH(A) intensity ratio still demonstrated the non-monotonic behaviour, 

while the 2nm band width filtered OH*/CH(A) chemiluminescent intensity ratio 

decreased monotonically with equivalence ratio. This difference can be 

interpreted by the lower CO2
*/(OH*+CO2

*) and CO2
*/(CH(A)+CO2

*) values in the 

2 nm band width filtered OH*/CH(A) chemiluminescent intensity ratios.  

 

Figure 3-9 Global chemiluminescent intensity ratios of OH*/CH(A) for methane flames at 
different flame strain rates and equivalence ratios; (a) Filtered by 10 nm FWHM optical filters; 
(b) Filtered by 2 nm FWHM optical filters. 

The chemiluminescent intensity ratio of C2
*/OH* is shown in Figure 3-10. Both 

C2
*/OH* intensity ratios with and without CO2

* background removal increased 

monotonically with equivalence ratio for all strain rates. For the lean flames, the 

C2
*/OH* intensity ratios with CO2

* background removal were nearly zero. This is 

due to the extremely low C2
* chemiluminescent intensity emitted from lean 

flames, as shown in Figure 3-4 (d). Since the measurement of CH2(S) and C, which 

are precursors of the C2
* formation, is very difficult [175, 176], the measured 
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values of the C2
*/OH* ratio can be used as a database for evaluating the chemical 

reaction for C2
* chemiluminescence. 

 

Figure 3-10 Global chemiluminescent intensity ratios of C2
*/OH* for different strain rates and 

equivalence ratios; (a) results without CO2
* background correction; (b) results with CO2

* 
background correction.  

The chemiluminescent intensity ratio of C2
*/CH(A) is presented in Figure 3-11. 

Unlike monotonic variation of C2
*/OH*, the C2

*/CH(A) intensity ratio after CO2
* 

background removal decreased with ER in the range of 0.6 ≤ ER ≤ 0.8 and 

increased monotonically in the ER range between 0.8 and 1.2. However, the 

C2
*/CH(A) intensity ratio without CO2

* background removal remained constant 

for lean and stoichiometric flames and increased for rich flames. This result 

agrees with results in the literature [19]. The extremely low C2
* intensity and 

relative low CH(A) intensity in lean flames, as discussed previously, is responsible 

for the similarity between the C2
*/CH(A) ratio without CO2

* background removal 

for lean flames, shown in Figure 3-11 (a), and the CO2
*/(CH(A)+CO2

*), shown in 

Figure 3-6. When the CO2
* background is removed, the C2

*/CH(A) intensity ratios 

for lean flames, shown in Figure 3-11 (b), become low and noisier for lean flames. 

Therefore, the decrease C2
*/CH(A) with ER in the range of 0.6 ≤ ER ≤ 0.8 is caused 

by the CH(A) intensity increase. Based on these findings, the C2
*/CH(A) intensity 
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ratio, with or without CO2
* background removal, should not be treated as a good 

flame condition indicator, at least, for the methane-air premixed flames.  

 

Figure 3-11 Global chemiluminescent intensity ratios of C2
*/CH(A) for different strain rates and 

equivalence ratios; (a) results without CO2
* background correction; (b) results with CO2

* 
background correction.  

For C2 and even heavier hydrocarbon fuelled flames, the C2
* and CH(A) 

chemiluminescence become more prominent, while the OH* becomes relative 

weak. Therefore, the conclusions drawn for C2
*/OH* and C2

*/CH(A) for methane 

flames could change for C2 and heavier hydrocarbon flames. Therefore, in order 

to maintain a logical structure in the text, the discussion of chemiluminescence 

for methane flames will finish first and then results for other flames, e.g. 

propane – air mixtures, will be presented.  

3.2.2 Local OH*, CH(A) and C2
* Chemiluminescence in Methane-Air 

Flames  

The spatial distribution of OH*, CH(A) and C2
* chemiluminescence was measured 

with the Cassegrain – PMTs system in the present study. Since this is a focused 

system, as discussed in Chapter 2, the reported chemiluminescent intensities 

will be addressed as local, although there is a possibility for contributions from 
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outside the nominal probe volume of the Cassegrain optics, as discussed by [37]. 

The local chemiluminescent intensity at the flame front location is presented 

first. Then, the chemiluminescent intensity ratios are reported.  

Local OH*, CH(A), and C2
* chemiluminescent intensities at the flame front 

Heat release rate (HRR) is known to depend on parameters such as equivalence 

ratio, fuel mass flow rate, preheat temperature of mixture, pressure and local 

flame strain rate. The definition of heat release rate is the heat released due to 

chemical reactions per unit time and unit volume (i.e. units of J/m3 s). Since the 

Cassegrain optical unit has a nominally constant probe volume, the Cassegrain 

optics measure the chemiluminescent intensity from a small region of the flame, 

which can be used to quantify local HRR. 

Figure 3-12 (a), (c) and (e) show the maximum normalized OH*, CH(A) and C2
* 

chemiluminescent intensities at the flame front. For equivalence ratio values 

between 0.6 and 1.2, the OH*, CH(A) and C2
* chemiluminescent intensity slightly 

increased with strain rate from 160 to 400 s-1. Both OH* and CH(A) 

chemiluminescent intensities are maximized near the stoichiometric condition 

(ER = 1.0 for OH* and ER = 1.1 for CH(A)). On the contrary, C2
* chemiluminescent 

intensity was increased monotonically from ER = 0.6 to ER = 1.2 for flame strain 

rates a = 80, 160 – 400 s-1 and then decreased at ER = 1.3 for a = 120 s-1. This 

decrease is due to the flame being near rich extinction. The above suggest that 

OH* and CH(A) chemiluminescence are good heat release rate indicators, while, 

the C2
* is not. Overall, the equivalence ratio has a more prominent effect on the 

chemiluminescent intensity, as compared to the effect of the strain rate.  
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Figure 3-12 Local chemiluminescent intensity for different strain rates and equivalence ratios 
emitted from (a) and (b) OH*, (c) and (d) CH(A), as well as (e) and (f) C2

* radicals; normalized 
by maximum (left column) and fuel flow rate (right column).  

However, for the fuel flow rate normalized chemiluminescent intensities, the 

strain rate effect was prominent, as shown in Figure 3-12 (b), (d), and (f). The 

fuel flow rate normalized chemiluminescent intensities can be regarded as the 

light emission intensity due to chemical reactions per unit time, unit volume and 
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unit fuel consumption in the flame, which shows how “effective” is the 

generation of chemiluminescence during fuel burning. Generally, the fuel flow 

rate normalized chemiluminescent intensities showed similar behaviour with ER 

as the results normalized by the maximum intensity, while the equivalence ratio 

had less influence on chemiluminescent intensity than for the results normalized 

by the maximum intensity. For example, the maximum normalized OH* intensity 

increased about 8 times for ER increase from 0.6 to 1.0 (Figure 3-12 (a)), while 

the fuel flow rate normalized results increased only by about 2 – 3 times for the 

same ER increase (Figure 3-12 (b)). However, the strain rate effect was more 

prominent for the fuel flow rate normalized OH* intensity, which increased more 

than 5 times when strain rate increased from 80 to 400 for ER = 1.0, as shown in 

Figure 3-12 (b). Moreover, the fuel flow rate normalized OH* and CH(A) 

chemiluminescent intensities were lower for ER = 1.3 than those for ER = 0.7. 

This means that near rich extinction, the effectiveness of chemiluminescence 

generation is as low as for lean flames, which agrees with the literature [169] 

and can interpret the decrease of C2
* at ER = 1.3 in Figure 3-4 (d) and Figure 3-12 

(e).  

Local OH*/CH(A), C2
*/OH* and C2

*/CH(A) chemiluminescent intensity ratios at the 

flame front 

The local chemiluminescent intensity ratios between OH*/CH(A), C2
*/OH* and 

C2
*/CH(A) were examined, as shown in Figure 3-12 (a), (b) and (c) respectively. 

The local chemiluminescent intensity ratio of OH*/CH(A) agrees with the global 

chemiluminescent intensity ratio results, both qualitatively and quantitatively. 

The non-monotonic behaviour in the ER range from 0.6 to 0.8 was also partially 

found in the local OH*/CH(A) chemiluminescent intensity ratio. Although the 

Cassegrain optics can provide nearly local chemiluminescence intensities and 
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reduce the portion of the CO2
* background emission contribution on the 

measured OH*, CH(A) and C2
* chemiluminescence [49], it still cannot fully avoid 

the CO2
* background emission for lean flames. This further suggests that CO2

* is 

mainly emitted from the flame front. Although good qualitatively agreement 

was achieved between the local and global C2
*/OH* and C2

*/CH(A) 

chemiluminescent intensity ratios, the local results did not quantitatively agree 

with the global results for the stoichiometric and rich flames. The local C2
*/OH* 

and C2
*/CH(A) chemiluminescent intensity ratios were about two times the 

global ratios, which suggests a systematic effect. This may be caused by the 

chromatic aberration and lateral-transverse aberration of the line of sight optics, 

since they are lens based, as opposed to the reflective elements of the 

Cassegrain optics.  
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Figure 3-13 Local chemiluminescent intensity ratios of OH*/CH(A), C2
*/OH* and C2

*/CH(A) for 
premixed methane-air flame for different flame strain rates and equivalence ratios.  

3.3 Experimental Study of Chemiluminescence Characteristics 

for Premixed Propane – air Flames 

Propane is an important fuel for home and industrial usage. It is a component of 

natural gas and the main component of liquid petroleum gas. Since its molecule 

contains a C-C-C bond, the CH(A) and C2
* chemiluminescence of propane flames 

should be prominent and may show difference behaviour than the methane 

flames. However, only a few studies [56, 177-179] have investigated the 
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chemiluminescence from propane flames, which only focused on describing the 

chemiluminescent intensity without detailed analysis of the spectroscopy and 

chemistry. Therefore, the current study used the spectrally resolved line of sight 

detection system to measure the global flame spectra of premixed propane-air 

flames. The high wavelength resolution provided by the spectrograph allowed 

the evaluation of the integral and analytical characteristics of propane 

chemiluminescence.  

3.3.1 Global flame spectra of premixed propane-air flames  

Three examples of premixed propane – air flame spectra are shown in Figure 

3-14, Figure 3-15 and Figure 3-16 for lean, near stoichiometric and rich flames 

respectively. As expected, even for near lean extinction condition (ER = 0.7), a 

strong CH(A) intensity and an identical C2
* Swan band emission were present, as 

shown in Figure 3-14. The OH* and CO2
* chemiluminescent intensity became 

relative weak with the increase of ER in comparison to CH(A) and C2
*. Since the 

C2
* can be observed even for the near lean extinction flame, the formation of C2

* 

is inevitable during oxidation of propane. However, C2
* has only been observed 

in stoichiometric and rich premixed methane flames, which suggest that the C2
* 

formation is attributed to the incomplete oxidation of methane. Therefore, the 

formation path of C2
* might be different for methane and propane flames.  
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Figure 3-14 Global chemiluminescence spectrum measured with the line of sight system, in 
premixed propane flames with flame strain rate of a = 160 s-1 and equivalence ratio ER = 0.7. 
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Figure 3-15 Global chemiluminescence spectrum, measured with the line of sight system, in 
premixed propane flames with flame strain rate of a = 160 s-1 and equivalence ratio ER = 1.1. 
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Figure 3-16 Global chemiluminescence spectrum, measured with the line of sight system, in 
premixed propane flames with flame strain rate of a = 160 s-1 and equivalence ratio ER = 1.4. 

Another important difference between propane and methane flame spectra is 

that there is a wavelength shift to the maximum of the background emission 

intensity. Several hypotheses might explain this phenomenon: (1) the higher 

flame temperature of propane flames can change the vibrational distribution; 

(2) additional excited species may be present during propane combustion 

process; (3) different electronic excitation state of CO2
* may occur. In order to 

examine these three hypotheses, the measured methane and propane spectra 

in a wavelength range from 330 to 350 nm are plotted in Figure 3-17 and a peak 

matching is attempted by using the red lines. Generally, more peaks were 
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present in the propane flame spectrum and, as a consequence, only part of 

these peaks may be linked to corresponding peaks in the methane flame 

spectrum. This peak matching result suggests that hypothesis (1) above is not 

valid, because of the considerable number of mismatched peaks and the relative 

low temperature difference between propane and methane flames. Hypotheses 

(2) or (3) or both could provide better interpretation of the measured spectra. 

However, the measurements performed in the present study cannot provide 

further information to clarify the reason of background emission change. 

Therefore, further discussions on the background emissions from propane 

flames will still be based on CO2
* emission.  

 

Figure 3-17 Expanded global spectra of background emissions from, upper, methane flame, 
and, lower, propane flame.  

The self-absorption of OH* was also observed in propane flames where it is more 

prominent. We plotted the intensity ratio between OH(A, 0-0) and OH(A, 1-1, 2-

2) and attenuation in Figure 3-18, as for methane flames. It can be found that, 

even in the leanest propane flame, the self-absorption effect is comparable to 

the stoichiometric methane flames, which leads to high attenuation for all 
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equivalence ratios of propane flames. This strong self-absorption effect could 

lead to an additional uncertainty in using OH* as an ignition marker [177] or for 

absolute OH* concentration measurements [79, 81, 180].  

 

Figure 3-18 Chemiluminescent intensity ratio between OH(A, 0-0) and OH(A, 1-1, 2-2) and 
OH(A, 0-0) attenuation as a function of equivalence ratio.  

3.3.2 Global chemiluminescent intensity of CO2
*, OH*, CH(A) and C2

* for 

premixed propane – air flames 

Since the spectra of the background emission from propane flames are different 

from those from methane flames, it is worth to examine the behaviour of the 

background emission, noted as CO2
*, from the propane flames.  

Global chemiluminescent intensity of CO2
* is plotted in Figure 3-19 (a). Like the 

methane flames, the CO2
* chemiluminescent intensity increased with ER and 

reached a maximum near stoichiometry and then reduced for fuel rich flames. 

The flame strain rate dependence was much stronger for propane rather than 
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methane flames. The relative CO2
* intensity for different wavelength ranges is 

shown in Figure 3-20. The CO2
* intensity associated with the OH* wavelength 

range is higher than that for the CH(A) and C2
* wavelength ranges. However, the 

differences of CO2
* intensity for the OH*, CH(A) and C2

* ranges were not 

significant and highly depended on strain rate.  

 

Figure 3-19 Global chemiluminescent intensity emitted from premixed propane flames as a 
function of equivalence ratio, normalized by the maximum recorded value, emitted from (a) 
CO2

*, (b) OH*, (c) CH(A) and (d) C2
*; with CO2

* background emission correction (scatters) and 
without CO2

* background emission correction (lines). 
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Figure 3-20 Global CO2
* chemiluminescent intensity emitted from premixed propane flames 

within the CH(A) and C2
* wavelength ranges, normalized by the CO2

* chemiluminescent 
intensity within the OH* range. 

The OH*, CH(A) and C2
* chemiluminescent intensities were plotted in Figure 3-19 

(b), (c) and (d) respectively. A stronger strain rate effect was found for all three 

chemiluminescent intensities. For OH* chemiluminescent intensity, its variation 

with ER was very similar to that of CO2
*: increased with ER for lean flames, 

reached maximum for flames with ER = 1.0 – 1.1, then decreased with ER for 

rich flames. For the OH* intensity, removing the background emission does not 

change its behaviour, like in methane flames. The CH(A) chemiluminescent 

intensity from propane flames reached maximum for ER = 1.2 instead of 1.1 for 

methane flames, except for flame strain rate = 400 s-1. This shift was more 

distinguishable by removing background emission, as shown by the scatter 

symbols in Figure 3-19 (c). The behaviour of C2
* chemiluminescent intensity for 

propane flames was similar to that for methane flames. The C2
* 

chemiluminescent intensity increased with ER until close to the rich extinction 
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limit (ER = 1.3 or 1.4). Unlike the methane flames, the CO2
* chemiluminescence 

did not show any significant influence on the behaviour of C2
* chemiluminescent 

intensity for propane flames.  

There are only three available chemiluminescent intensity measurements in the 

literature, which provided the variation of chemiluminescent intensities with ER. 

Orain and Hardalupas [56] performed similar measurements in a counterflow 

burner, which showed that the OH*, CH(A) and C2
* chemiluminescent intensities 

peaked at equivalence ratio of 0.8, 1.0 and 1.0 respectively, which is not 

consistent with the present study and other recent studies [178, 179]. dos 

Santos Alves [178] measured in premixed propane – air Bunsen burner flames 

for ER range from 0.8 to 1.3 with background intensity correction. He reported 

that the OH*, CH(A) and C2
* chemiluminescent intensities peaked at equivalence 

ratio of 1.0, 1.2 and 1.3 respectively. Another recent study in premixed propane 

– air opposed jet flames (Kawasoe et al. [179], paper is written in Japanese) 

showed that the OH*, CH(A) and C2
* chemiluminescent intensity peaked at 

equivalence ratio of 1.1, 1.2 and 1.2 respectively. 

As shown by the flame spectra discussed in 3.3.1 , the CO2
* contribution to the 

measured OH*, CH(A) and C2
* chemiluminescent intensities was different from 

that in methane flames. Therefore, this contribution was examined following 

the same method used for methane flames, as shown in Figure 3-21 and Figure 

3-22. Comparing to the results for methane flames, the CO2
* contribution on the 

measured OH* intensity is higher for propane flames. It also showed stronger 

dependence on strain rate and a less dependence on ER, as shown in the wide 

FWHM bandpass filtered measurements of Figure 3-21. The dependence on 

strain rate and ER of CO2
*/(OH*+CO2

*) for propane flames are not consistent with 

observations in methane flames, which suggest that the hypothesis (2) for the 
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source of background emission is more favoured. The CO2
* contribution on 

measured CH(A) and C2
* chemiluminescent intensities was lower than that in 

methane flames, which should be attributed to the high CH(A) and C2
* 

chemiluminescent intensities. A higher dependence on strain rate was also 

observed in the CO2
*/(CH(A)+CO2

*) and CO2
*/(C2

*+CO2
*) results.  

 

Figure 3-21 Contribution of CO2
* chemiluminescence on the OH*, CH(A) and C2

* 
chemiluminescent intensities for premixed propane-air flames at different strain rates and 
equivalence ratios. 

The effect of the filter FWHM on CO2
* contribution on OH*, CH(A) and C2

* 

chemiluminescent intensities is shown in Figure 3-22. The filter width 

demonstrated better ability to remove CO2
* contribution from CH(A) and C2

* 

chemiluminescence, but less efficient for OH*. This is due to the stronger OH* 

self-absorption in propane flames, which led to the peak intensity at 309 nm 

being less distinguished, as shown in Figure 3-14, Figure 3-15 and Figure 3-16.  
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Figure 3-22 Contribution of CO2
* chemiluminescence on the OH*, CH(A) and C2

* 
chemiluminescent intensities from premixed propane-air flames at different strain rates and 
filter wavelength width ranges. 

3.3.3 Global Chemiluminescent intensity ratios for premixed propane – 

air flames  

The chemiluminescent intensity ratio of OH*/CH(A) has been reported as a good 

equivalence ratio indicator for premixed methane flames. However, the 

correction of CO2
* background emission must be performed to overcome the 

non-monotonic behaviour for lean flames due to the high CO2
* background 

emission contribution on the measured CH(A) intensity. Propane flames 

exhibited lower CO2
* contribution on the measured CH(A) intensity. Therefore, 

it is worth to examine the ability of OH*/CH(A) intensity ratio to monitor the 

equivalence ratio of premixed propane flames and the necessity of CO2
* 

background emission correction.  
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The OH*/CH(A) chemiluminescent intensity ratios for the propane – air premixed 

opposed jet flames are shown in Figure 3-23. The OH*/CH(A) chemiluminescent 

intensity ratio exhibits a logarithmic like decrease with equivalence ratio. A 

slightly non-monotonic behaviour appeared at the near rich extinction 

conditions. These behaviours did not change with CO2
* background emission 

correction. For the flame strain rates and equivalence ratios examined here, the 

strain rate showed weak effect on the OH*/CH(A) chemiluminescent ratio, but 

still can be distinguished, especially after correcting the CO2
* background 

emission. The magnitude of the OH*/CH(A) chemiluminescent intensity ratio 

without CO2
* background emission correction for propane flames is generally 

the same to that for methane flames. For propane flames, CO2
* background 

emission correction generally halved the magnitude of the OH*/CH(A) 

chemiluminescent intensity ratio. However, for methane flames, the value of 

OH*/CH(A) chemiluminescent intensity ratio with CO2
* background emission 

correction was five times higher than that without CO2
* background correction. 

In methane flames, the CO2
*/(CH(A)+CO2

*) was higher than CO2
*/(OH*+CO2

*), 

while in propane flames, the latter was higher, as discussed previously. The 

optical filter width effect on OH*/CH(A) chemiluminescent ratio was also 

examined and presented in Figure 3-24. Generally, a filter with narrower pass 

band can reduce the value of the OH*/CH(A) without changing its trend with ER, 

since a narrower pass band changes CO2
*/(CH(A)+CO2

*) and CO2
*/(OH*+CO2

*).  
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Figure 3-23 Global chemiluminescent intensity ratios of OH*/CH(A) for premixed propane-air 
flames at different strain rates and equivalence ratios; (a) results without CO2

* background 
correction; (b) results with CO2

* background correction. 

 

Figure 3-24 Global chemiluminescent intensity ratios of OH*/CH(A) for premixed propane-air 
flames at different strain rates and equivalence ratios; (a) Filtered by 10 nm FWHM filters; (b) 
Filtered by 2 nm FWHM filters. 

The relative prominent CH(A) and C2
* chemiluminescent intensities exhibited in 

premixed propane-air flames suggested that the C2
*/OH* and C2

*/CH(A) 

chemiluminescent intensity ratios in propane flames may be more successful in 
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monitoring flame conditions than in methane flames. Therefore, the C2
*/OH* 

and C2
*/CH(A) chemiluminescent intensity ratios are plotted in Figure 3-25 and 

Figure 3-26. Both chemiluminescent intensity ratios exhibited a monotonic 

increase with equivalence ratio over the examined ER range. The CO2
* 

background emission correction increased the values of the two 

chemiluminescent intensity ratios, but did not influence their behaviour with 

equivalence ratio. The strain rate dependence of C2
*/OH* was stronger than 

C2
*/CH(A) and OH*/CH(A) chemiluminescent intensity ratios, which is consistent 

with methane flames. Therefore, the C2
*/CH(A) chemiluminescent intensity ratio 

may be a good equivalence ratio indicator for premixed propane-air flames. 

Another advantage of C2
*/CH(A) chemiluminescent intensity ratio is that the 

light emission from the two excited molecules is in visible wavelengths, which 

can reduce the cost of the detection system and can provide higher signal-to-

noise ratio.  

 

Figure 3-25 Global chemiluminescent intensity ratios of C2
*/OH* for different strain rates and 

equivalence ratios in premixed propane-air flames; (a) results without CO2
* background 

correction; (b) results with CO2
* background correction.  
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Figure 3-26 Global chemiluminescent intensity ratios of C2
*/CH(A) for different strain rates and 

equivalence ratios in premixed propane-air flames; (a) results without CO2
* background 

correction; (b) results with CO2
* background correction.  

3.3.4 Detailed examination of the C2
* Swan band in propane flames 

The strong C2
* emission intensity and the high spectral resolution provided by 

the Echelle spectrograph allow the examination of different vibration states of 

the C2
* Swan band of the chemiluminescence spectra. First the intensity ratios 

between the bands of the three main maxima present in the C2
* Swan band are 

examined. The vibration states, which lead to strong emission intensities, 

associated to the bands of the three maxima of the Swan band are listed in Table 

3-2.  

Wavelength 

(nm) 

Assignment of vibrational 

quantum numbers (𝝂′, 𝝂′′) 
Note 

Band range 1: 465 nm – 475 nm (B1) 

473.71 1, 0 
Sequence heads, very 

strong 

471.53 2, 1 Strong 
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469.76 3, 2 Strong 

Band range 2: 507 nm – 517 nm (B2) 

516.52 0, 0 
Sequence heads, very 

strong 

512.94 1, 1 Moderately strong 

Band range 3: 554 nm – 564 nm (B3) 

563.55 0, 1 
Sequence heads, 

strong 

558.55 1, 2 Strong 

554.07 2, 3 Moderately strong 

Table 3-2 Wavelength and assignment of vibrational quantum numbers of the C2
* Swan band 

spectra examined in present study. Data are from [3].  

The chemiluminescent intensity ratios of Band range 2/ Band range 1 (I(507nm - 

517nm)/ I(465nm - 475nm), B2/B1), Band range 2/ Band range 3 (I(507nm - 517nm)/ I(554nm - 

564nm), B2/B3) and Band range 1/ Band range 3 (I(465nm - 475nm)/ I(554nm - 564nm), B1/B3) 

are plotted in Figure 3-27. The first two ratios exhibited similar increasing 

behaviour with the increase of ER, whereas, the B1/B3 intensity ratio shows only 

a slightly increase with ER. The magnitude of B2/B1 was about 2.5 times that of 

B2/B3. Flame strain rate influenced the B2/B1 and B2/B3 chemiluminescent 

intensity ratios, but did not change the value of B1/B3. The same behaviour was 

present in rich methane flames. Similar observations have also been reported in 

the recent study of Kawasoe et al. [179] in methane, propane and butane flames 

and were attributed to flame temperature effects, which was influenced by the 

strain rate. However, this interpretation cannot explain the equivalence ratio 

effect, which is more dominant than the strain rate effect. Therefore, a careful 

examination of the measured spectra is required.  
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Figure 3-27 Chemiluminescent intensity ratios of Band range 2/ Band range 1 (I(507nm - 517nm)/ 
I(465nm - 475nm)), Band range 2/ Band range 3 (I(507nm - 517nm)/ I(554nm - 564nm)) and Band range 1/ 
Band range 3 (I(465nm - 475nm)/ I(554nm - 564nm))  for premixed propane – air flames.  

To interpret the chemiluminescent intensity ratios of Figure 3-27, a detailed 

study of the spectra around the three main maxima groups was performed, see 

Figure 3-28, Figure 3-29 and Figure 3-30. The simulated and measured spectra 

with assignment of vibrational quantum numbers of (1, 0), (2, 1), (3, 2), (4, 3) 

and (5, 4) are shown in Figure 3-28. Strong non-equilibrium was exhibited in the 

measured spectra since the relative intensity between different heads from 

measured spectra were not match with simulated spectra In addition, in the 

spectral emission from the flame with ER = 1.1, the (2, 1) peak was stronger than 

(1, 0) peak, which was not observed for the flame with ER = 1.4. The non-

equilibrium Swan band spectra in this wavelength range was simulated for 4000 

K and 5000 K vibrational and rotational temperatures using SPARTAN 2.6 [181]. 

A good agreement was observed between simulations and measurements with 

a slightly overestimation of the rotational spectra, which were slightly lower 
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than the literature value (5700 K) [62]. The next step is to find the source of the 

high vibrational and rotational temperature. Therefore, the formation reactions 

of C2
* need to be taken into account to provide more information on the initial 

state when the C2
* is formed. As we discussed in previous chapter, the formation 

reactions of C2
* are R44 and R45:  

R44: CH2(S) + C = C2
* + H2, ∆H = - 7.18 Kcal/mole = -3613 K 

R45: C3 + O = C2
* + CO, ∆H = - 15.84 Kcal/mole = -7971 K 

The energy release for each collision complex can be calculated by adding the 

Gibbs enthalpy and the activation energy of the reaction [162]. Since the 

activation energy of these two reactions are both zero, the excess energy of 

these two reactions are equal to the corresponding Gibbs enthalpy, which leads 

to 2613 K and 7971 K respectively. These high excess energies could lead to the 

initial state of the formed C2
* being at high vibrational state. It is expected that 

the collisions between molecules will bring the distribution of the vibrational 

state in thermal equilibrium. However, the fact that the vibrational collision time 

scale of the (v’, v’’) numbers, examined in Figure 3-28, is close to the C2
* 

radiation lifetime [182], and the C2 concentration in the flame is low make 

ineffective the collision process. Therefore, non-equilibrium spectra could exist. 

When the flame temperature was higher, for example in the flame with ER = 1.1, 

stronger non-equilibrium behaviour is expected, which matches the observation. 

The overestimation of the rotational temperature can be explained by the fast 

rotational energy transfer of C2
* in flames.  
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Figure 3-28 Measured and simulated (using SPARTAN 2.6 [181]) Swan band spectra for (v’, v’’) 
= (1, 0), (2, 1), (3, 2), (4, 3) and (5, 4). 

The measured and simulated spectra for (v’, v’’) = (0, 0), (1, 1), (2, 2) and (3, 3) 

are plotted in Figure 3-29. A good agreement between measured spectra and 

simulated thermal equilibrium spectrum is exhibited, which is consistent with 

observations in methane flames, shown in Figure 3-2, and the literature [17]. 

The faster vibrational energy transfer between these quantum numbers [182] 

can lead to thermal equilibrium between the vibrational states.  
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Figure 3-29 Measured and simulated (using SPARTAN 2.6 [181]) Swan band spectra for (v’, v’’) 
= (0, 0), (1, 1), (2, 2) and (3, 3).  

The spectra for (v’, v’’) = (0, 1), (1, 2), (2, 3), (3, 4), (4, 5) and (5, 6), shown in 

Figure 3-30, were more complex. The measured spectra exhibited strong non-

thermal equilibrium vibrational states [62]. It was attempted to simulate this 

strong thermal non-equilibrium, however no satisfactory result was achieved. A 

value of 3000 K vibrational temperature can lead to overestimations of the (2, 

3) (3, 4), (4, 5) and (5, 6) peaks, including their rotational states, but an 

underestimate of the (1, 2) peak. If we increase the vibrational temperature to 

an extremely high value (18000 K), which is even not feasible in flames, the (1, 

2) peak was still underestimated. Similar high vibrational temperature have 

been observed in the literature [62]. A possible reason is the self-reversal effect 

of the ground vibrational state (0, 1), which can lead to an intensity reduction of 

the (0, 1) peak. This has been observed for thermal discharged C2
* emission 

(Furnace) [183, 184], but it is not supported by theoretical calculation and other 

experimental data. Since such high values of vibrational and rotational 
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temperatures cannot be supply by the excess energy of R44 and R45, the self-

reversal effect should be taken into account. Study on absorption spectroscopy 

of C2 from literature [62] has shown that the absorption from the ground state 

C2 in flames could lead to an abnormal C2
* spectrum. 

 

Figure 3-30 Measured and simulated (using SPARTAN 2.6 [181]) Swan band spectra for (v’, v’’) 
= (0, 1), (1, 2), (2, 3), (3, 4), (4, 5) and (5, 6).  

Based on the above discussion of the results of Figure 3-27 to Figure 3-30, flame 

temperature plays a role in the C2
* spectra, however, this is not comparable to 

the excess energy brought by the C2
* formation reactions. The excess energy 

from R44 reaction is not sufficient to excite the C2
* radicals to such high 

vibrational and rotational temperatures, shown in Figure 3-28 and Figure 3-30. 

Therefore, reaction R44 should only correspond to the C2
* with the vibration 

state shown in Figure 3-29, while reaction R45 corresponds to the C2
* with the 

vibration state shown in Figure 3-28 and Figure 3-30, since R45 could provide 

higher excess energy. Therefore, the evaluation of C2
* chemistry should consider 
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that the different reactions correspond to different parts of the C2
* spectrum. 

This could explain the similar behaviour of the intensity ratios B2/B1, B2/B3, 

B1/B3, since B2 corresponds to reaction R44, while B1 and B3 correspond to 

reaction R45. The ratio of the rate of production between R44 and R45 increased 

with ER, which leads to the increase of the ratios B2/B1 and B2/B3 with ER. The 

magnitude of B1/B3 generally remained constant and was not affected by the 

flame strain rate, which is due to the chemistry source of reaction R45. Slightly 

increase of B1/B3 with ER can be attributed to the increased C2 concentration, 

which led to stronger self-reversal and decreased the intensity of B3.  

Although the above analysis of the measured C2
* chemiluminescence could lead 

to an agreement with the C2
* chemistry, the actual physical process could be 

more complex. The fundamental spectroscopy parameters of the C2
* Swan band 

still have not been fully understood, even for simplified conditions [182, 185]. 

Considering additional processes, including the molecular collision, precursor 

reactions of R44 and R45, Lewis number effects, temperature distribution at 

flame front, the formation, vibrational and rotational energy transfer of C2
*, it is 

expected that the C2
* chemistry may be more complex than the above analysis.  

3.4 Fuel Blend Composition Effect on Chemiluminescence 

Characteristics of Premixed Flames 

This section focuses on fuel blend composition effects on flame 

chemiluminescent behaviour. Fuel blends are commonly used in practice, which 

lead to more complex reaction chemistry. For example, natural gas is a blend of 

fuels with mole proportion of C2 and C3 fuels up to 20 % and CO2 and N2 up to 

10 % [186]. Some gas turbine combustors use exhaust gas recirculation levels up 

to 30% [187]. H2 has also been added into natural gas to reduce CO and CO2 
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emissions [188] and reduce the lean blowout limit in lean premixed flames [189]. 

However, the knowledge on the chemiluminescence of blended fuel flames is 

very limited. Therefore, methane flames were used as a baseline case. Then, 

other gases were added, namely propane, to examine the C3 composition effect, 

hydrogen and CO2, to examine the consequence of dilution, on 

chemiluminescence. The presentation of the data is organized in such a way so 

that selected parameters are only examined instead of plotting all the available 

results.  

3.4.1 Fuel blend composition effect on global flame spectra  

Figure 3-31 presents the flame spectra of two baseline cases: pure methane and 

propane flames as (a) and (b) respectively, and three binary fuel blends which 

are 70 % CH4 + 30% C3H8 (c), 70 % CH4 + 30% H2 (d) and 70 % CH4 + 30% CO2 (e) 

respectively. All the spectra are for the same equivalence ratio and strain rate 

and show that OH*, CH(A), CH(B), C2
* and CO2

* (background emission) were the 

main chemiluminescent emitters. Substitution by H2 and CO2 did not introduce 

any new chemiluminescent emitters. Therefore, further discussion will focus on 

OH*, CH(A), C2
* and CO2

* (background emission) chemiluminescence. The main 

observations from Figure 3-31 can be summarized as follows. Comparing to the 

methane flame: 

(1) Substitution by propane increased CH(A), CO2
* and C2

* chemiluminescence, 

and decreased OH* chemiluminescence, since propane can be treated as fuel 

molecule CH2.7, which contains less hydrogen atoms than methane. 

(2) Substitution by hydrogen increased OH* chemiluminescence and reduced 

CH(A), CO2
* and C2

* chemiluminescence, since hydrogen can be treated like C0H2 

fuel molecule. 
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(3) Substitution by CO2 reduced all chemiluminescent intensities, since CO2 

diluted the flame. 

Once we know the variation of OH*, CH(A), C2
* and CO2

* intensities with 

equivalence ratio, their intensity ratio can be deduced. However, a detailed 

examination of OH*, CH(A), C2
* and CO2

* chemiluminescence does not fully 

support the above three claims. There are richer chemical and physical 

phenomena caused by interaction between different factors, including flame 

speed, flame temperature, chemistry and atom ratio.  
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Figure 3-31 Global flame chemiluminescence spectra from premixed stoichiometric flames of 
methane, propane, methane and propane blend, methane and hydrogen blend and methane 
and carbon dioxide blend as the fuel.  
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3.4.2 Fuel blend composition effect on flame morphology  

Limited research [65, 66, 178] has studied the effect of fuel blend composition 

on the morphology of Bunsen burner flames. The change of the flame speed 

associated with the fuel blend composition variation leads to modification of the 

morphology of flame. The change of flame morphology led to other 

modifications, for example, the global flame chemiluminescent intensity, 

measured by spectrograph, increased with CO2 dilution, while OH* 

chemiluminescent intensity remained constant [66]. However, the recorded 

flame luminosity, measured by the same research group, decreased with CO2 

dilution [178]. This means that the change of flame morphology leads to some 

challenges for spectrographic measurements due to the possibility to change 

the observed area and position of the flame. 

The variation of the morphology of opposed jet flames with fuel blend 

composition has not been reported in the literature. Therefore, the flame 

morphology is examined by flame luminosity imaging for different fuel blends. 

A commercial camera (Canon 40D) with a commercial lens (Canon 18-135 nm) 

was used to record flame luminosity. The exposure time was 1/25 s with f#/8 

aperture number and 400 ISO. It should be noted that this camera and lens 

combination cannot detect UV emitted light from the flames. Different aperture 

number was used for propane flames due to the stronger luminosity, while the 

aperture area equation was used to normalize the aperture number to f#/8.  

The flame morphology is shown in Figure 3-32 for opposed jet flames operated 

with ER = 1.0 and strain rate = 240 s-1 with different fuel blends. Hydrogen 

substitution led to notable increase of flame speed, which means that the 

distance between the twin opposed jet flames increased and the diameter of 

the flat flames reduced. Since the considered range of mole fraction of hydrogen 
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was less than 30%, the increase of flame speed was limited in agreement with 

the literature [190]. Substitution of methane by propane did not lead to 

significant change of the flame speed and flame position, since the flame speed 

of propane is similar to that of methane flames [191]. In contrast to H2 

substitution, CO2 substitution reduced the flame speed, which led to shorter 

distance between the twin flames and larger flame area. Since a moderate flame 

strain rate was used, the flame position did not change much with variation of 

the fuel blend composition. Therefore, the uncertainty on the measured 

chemiluminescence intensity due to change of the collected light, following the 

lateral-transverse flame movement, was limited. However, in the Bunsen flame, 

the flame length increased by 1.5 times relative to that of methane flames for a 

blend with 30% CO2 substitution of methane [178]. If the optical fibre that is 

used to collect the chemiluminescent emission was located downstream of the 

flame [66], which means that the fibre was looking down at the flame from a 

location of 90 degrees, the solid collection angle of the light could increase by 

more than 3 times, which compensated the flame chemiluminescence reduction 

caused by CO2 dilution. Therefore, care should be taken when selecting burner, 

flame conditions and collecting optics for evaluating fuel blend composition 

effects on chemiluminescent intensity.  
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Figure 3-32 Influence of fuel composition on morphology of opposed jet flames 

3.4.3 Fuel composition effect on global chemiluminescent intensities of 

CO2
*, OH*, CH(A) and C2

*.  

To examine the fuel composition effect on global chemiluminescent intensities 

of CO2
*, OH*, CH(A) and C2

*, the chemiluminescent intensities are plotted as a 

function of mole percentage of the substituted minor component of the fuel 

blend in Figure 3-33 to Figure 3-36. Moderate flame strain rate (240 s-1) with 

stoichiometric ER were used to examine CO2
*, OH* and CH(A) chemiluminescent 
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intensities. While, in order to ensure a good SNR of the measured intensity, rich 

(ER = 1.2) flames with relative low strain rate (160 s-1) were used to show the 

fuel blend composition effect on C2
* intensity.  

The CO2
* chemiluminescent intensity is presented first in Figure 3-33 following 

the approach used for methane and propane flames. It was found that different 

minor fuel compositions led to different effects on CO2
* chemiluminescent 

intensity. Substitution by H2 increased the CO2
* chemiluminescent intensity until 

H2 mole percentage reached 25% in the fuel blend and slightly decreased for 30% 

mole fraction. For the examined range of H2 percentage in the blend 

nevertheless, all the cases with H2 substitution led to higher CO2
* intensity than 

for pure methane flames. This is due to the increased flame temperature with 

hydrogen substitution in the blend. It may also suggest that the H2 substitution 

enhanced the chemical reaction of CO2
* formation. 

CO2 substitution in the blend generally reduced the CO2
* chemiluminescent 

intensity. A 30% replacement of methane could decrease about 50% the CO2
* 

chemiluminescent intensity, which suggest that the flame temperature was 

reduced. However, with a small amount of CO2 (less than 5%) substitution, a 

slightly increase of CO2
* chemiluminescent intensity was observed. This may be 

caused by the slightly increase of the flame surface area, as shown in Figure 3-32. 

CO2
* chemiluminescent intensity increased with propane substitution in the 

blend up to 15%. Then, the intensity decreased until propane mole percentage 

25% and, after that, the intensity increased till a pure propane flame. All the 

propane enriched flames had higher CO2
* chemiluminescent intensity than the 

pure methane flame. As discussed previously, the source of background 

emission for propane flames may be different than for methane flames. 

Although we still specify the background emission intensity as CO2
*, it may be 
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attributed to other excited species. Nevertheless, the increase of flame 

temperature, introduced by propane substitution, also contributed to the 

increase of CO2
* chemiluminescent intensity. 

 

Figure 3-33 Variation of global CO2
* chemiluminescent intensity with fuel blend composition. 

The chemiluminescent intensity was normalized by the maximum value for each substituted 
fuel composition. 

The OH* chemiluminescent intensity variation with minor fuel composition 

substitution in the blend was similar to the CO2
* chemiluminescent intensity. It 

increased with hydrogen mole percentage till 20% with background intensity 

correction and 25% without correction. It then decreased until 30% hydrogen 

substitution. This difference of where OH* chemiluminescent intensity reached 

a maximum is caused by the contribution of CO2
* intensity. The effect of CO2 

substitution on OH* chemiluminescent intensity was same to CO2
* 

chemiluminescent intensity, moreover, no significant difference was found with 

and without background emission correction. 
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The background emission removal had a significant influence in the propane 

enriched methane flames. The high percentage of background emission 

contribution, as discussed before, led to the measured OH* intensity being 

dominated by the CO2
* intensity and its behaviour was same to the CO2

* 

intensity shown in Figure 3-33. When the background emission was removed, 

the OH* chemiluminescent intensity had a non-monotonic behaviour up to 20% 

substitution by propane. This observation is attributed to the conflict between 

the increase of flame temperature and the decrease of H atom number. Increase 

of propane proportion causes the flame temperature to increase, which 

increased the reaction rate constant of the OH* formation reaction. In contrast, 

substitution by propane reduced the number of H atom, which reduced the 

formation of CH, which is the precursor of OH* (R2). Since the adiabatic flame 

temperature of a propane flame is only slightly higher than a methane flame, 

the reduction of H atom effect starts to dominate this process between 25% and 

30% hydrogen substitution of methane in the blend. Finally, for the pure 

propane case, the OH* chemiluminescent intensity dropped to about 70% of the 

methane flame, which is consistent with the hydrogen atom reduction.  
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Figure 3-34 Variation of OH* chemiluminescent intensity with fuel blend composition; the 
chemiluminescent intensity was normalized by the maximum for each substituted fuel 
composition. Hollow symbol with dash line is without background emission correction; solid 
symbol with solid line is with background emission correction.  

Minor fuel composition substitution also plays an important role on the CH(A) 

chemiluminescent intensity, as shown in Figure 3-35. The hydrogen substitution 

generally decreased CH(A) chemiluminescent intensity when background 

emission was removed. Since CO2
* chemiluminescence contributed significantly 

to the measured CH(A) chemiluminescent intensity, the CH(A) 

chemiluminescent intensity without background emission correction behaved 

like CO2
* chemiluminescent intensity, shown in Figure 3-33. Similar behaviour 

was observed for all CH(A) chemiluminescent intensities without background 

emission correction. For propane and carbon dioxide substitution in the blend, 

the CH(A) chemiluminescent intensities with background emission correction 

generally follow the trend of the ones without background emission correction. 
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Figure 3-35 Variation of CH(A) chemiluminescent intensity with fuel composition; the 
chemiluminescent intensity was normalized by the maximum for each substituted fuel 
composition. Hollow symbol with dash line is without background emission correction; solid 
symbol with solid line is with background emission correction. 

The C2
* chemiluminescent intensity is not very prominent in the stoichiometric 

flames, especially when H2 and CO2 were substituted into the fuel blends, as the 

measured spectra show in Figure 3-31. Therefore, the fuel blend composition 

effect was investigated for rich flames (ER = 1.2). Since CO2 substitution diluted 

the flame, to achieve a stable flame at such rich case, a lower strain rate (120 s-

1) was used than for the hydrogen and propane substituted methane blends. For 

hydrogen substitution, the C2
* chemiluminescent intensity increased with 

hydrogen percentage in the fuel blend and maximized at 25%, after which, a 

significant drop occurred for 30% fraction in the blend. This non-monotonic 

behaviour may be attributed to the conflict between flame temperature 

increase and carbon atom number reduction. As expected, propane substitution 

significantly increased C2
* intensity; for 20% methane substitution by propane in 
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the blend, the C2
* intensity increased about six times. CO2 played a dilution role 

in the blended fuel, leading to C2
* chemiluminescent intensity decrease. For all 

the cases, background emission did not influence the results significantly.  

 

Figure 3-36 Variation of global C2
* chemiluminescent intensity with fuel composition; the 

chemiluminescent intensity was normalized by the maximum for each substituted fuel blend 
composition. Hollow symbol with dash line is without background emission correction; solid 
symbol with solid line is with background emission correction. 

3.4.4 Fuel composition effect on global chemiluminescent intensity 

ratios  

The ability of chemiluminescent intensity ratios to indicate flame equivalence 

ratio was examined for premixed pure methane and propane flame. When fuel 

blend composition changed, the chemiluminescent intensity for different 

excited species changed due to complex interaction between flame 

temperature, C or H atom proportion and chemical reactions. Therefore, first of 

all, the chemiluminescent intensity ratios dependence on fuel blend 
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composition change is examined. Then the section below evaluates whether the 

chemiluminescent intensity ratios are still able to indicate equivalence ratio 

when fuel blend composition changed.  

Fuel substitution composition indicator 

Since the contribution from background emission on the measured 

chemiluminescent intensities can influence the chemiluminescent intensity 

ratios, as discussed in methane and propane, the CO2
* intensity contributions on 

the measured OH*, CH(A) and C2
*chemiluminescent intensities are presented in 

Figure 3-37. For CO2
*/(OH*+CO2

*), hydrogen and carbon dioxide substitution 

generally did not significantly change CO2
* contribution on the measured OH* 

intensity. Only a slightly increase was exhibited in carbon dioxide enriched 

flames. However, propane substitution increased the CO2
* contribution, which 

is consistent with the result of chemiluminescent intensity variation with fuel 

composition (Figure 3-33 and Figure 3-34) and CO2
*/(OH*+CO2

*) result for 

propane flames (Figure 3-21). Since the value of CO2
*/(OH*+CO2

*) increased 

monotonically with propane substitution, it can be used to indicate propane 

proportion in the fuel.  

The CO2
*/(CH(A)+CO2

*) intensity ratio did not change with CO2 substitution. The 

C3H8 substitution in the blend decreased the background contribution on the 

measured CH(A) intensity, which is expected based on the results for pure 

propane flames. In contrast, H2 substitution increased the CO2
* contribution on 

the measured CH(A) intensity. This is caused by H2 substitution, which increased 

CO2
* intensity and decreased CH(A) intensity at the same time. Therefore, 

CO2
*/(CH(A)+CO2

*) chemiluminescent intensity ratio can be used to monitor 

hydrogen substitution in the fuel blend. 
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The CO2
*/(C2

*+CO2
*) intensity ratio changed only slightly with H2 substitution. 

Both CO2 and C3H8 substitutions reduced the CO2
*/(C2

*+CO2
*). C3H8 substitution 

could increase the C2
* and CO2

* chemiluminescent intensity simultaneously. 

Therefore, the observed decrease of CO2
*/(C2

*+CO2
*) suggests that C3H8 

substitution influenced more the C2
* chemiluminescence. In contrast, CO2 

substitution decreased the C2
* and CO2

* chemiluminescent intensity 

simultaneously, which must be attributed to the decrease of flame temperature. 

The reduction of CO2
*/(C2

*+CO2
*) intensity ratio suggests that the chemistry of 

CO2
* is more sensitive to temperature. Although CO2

*/(C2
*+CO2

*) exhibited a 

monotonic reduction with proportion of CO2 substitution, the low C2
* 

chemiluminescent intensity may lead to a low SNR of measured CO2
*/(C2

*+CO2
*) 

chemiluminescent intensity ratio. Therefore, it is not recommended to use it as 

CO2 substitution indicator.  

 

Figure 3-37 Contribution of global CO2
* chemiluminescence on the measured OH*, CH(A) and 

C2
* chemiluminescent signals for stoichiometric flames at strain rate = 240 s-1 with hydrogen, 

propane and carbon dioxide enriched methane fuel blends.  
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Very limited information is available in the literature for the contribution of CO2
* 

chemiluminescence on the measured OH*, CH(A) and C2
* chemiluminescent 

signals in blended fuel flames. Garcia-Armingol and Ballester [23] measured 

OH*/CO2
* chemiluminescent intensity ratio in premixed hydrogen enriched 

methane flames. However, they used the value of OH*/CO2
* for stoichiometric 

flames for each H2 proportion in the blend they investigated, which cancelled 

the H2 proportion effect on the value of OH*/CO2
* chemiluminescent intensity 

ratio. Two studies reported the intensity ratios OH*/CO2
* [65, 66] , CH(A)/CO2

* 

[65, 66], and C2
*/CO2

* [66] and all decreased with increase of CO2 dilution, which 

support the slight increase of CO2
*/(OH*+CO2

*) of the current study. However, 

the literature observations do not agree with the current observation for the 

behaviour of CO2
*/(CH(A)+CO2

*) and CO2
*/(C2

*+CO2
*). Since there are differences 

on burner geometry and, even more importantly, the way that the above studies 

dilute the flame (literature directly add a specific amount of CO2 to the flame 

rather than replace CH4 by CO2), while the low SNR due to low C2
* intensity 

increases the uncertainty on the intensity ratios, the observed differences are 

reasonable. To the best of the author’s knowledge, there is no available 

literature discussing chemiluminescent intensity of propane enriched methane 

flames and the current measurements are unique. 

The evaluation of the OH*/CH(A) chemiluminescent intensity ratio is fairly 

straight forward. Hydrogen substitution increased the OH*/CH(A) 

chemiluminescent intensity ratio, while propane and carbon dioxide 

substitution reduced it. Therefore, OH*/CH(A) chemiluminescent intensity ratio 

can be used to monitor the level of all three types of substitution. The measured 

value of baseline pure methane case (0% substitution) showed good agreement 

with each other and with the results shown in Figure 3-8 (about 5% difference). 

Since the measurement period of these data extended over two years, the 
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repeatability and robustness of the current measurement is demonstrated. 

Again there are no data in the literature related to hydrogen and propane 

enriched methane flames. Nevertheless, our measured data showed good 

agreement with the OH*/CH(A) chemiluminescent intensity ratio measured in 

CO2 diluted methane flames in the literatures [65, 66]. 

 

Figure 3-38 Fuel blend composition effect on OH*/CH(A) chemiluminescent intensity ratio of 
stoichiometric flames at strain rate = 240 s-1.  

Since propane substitution in methane flames can decrease OH* 

chemiluminescent intensity and increase C2
* chemiluminescent intensity 

simultaneously, it would be interesting to examine how the C2
*/OH* 

chemiluminescent intensity ratio behaves in propane substituted flame. 

Therefore, the C2
*/OH* chemiluminescent intensity ratio is plotted in Figure 3-39. 

It was found that the background emission correction influenced the C2
*/OH* 

chemiluminescent intensity ratio dramatically. When the background emission 

was corrected, the C2
*/OH* behaved as expected and increased with the 
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proportion of propane substitution. However, the C2
*/OH* chemiluminescent 

intensity ratio without background emission generally remained constant with 

propane substitution. This is caused by the high background emission 

contribution to both measured intensity signals as shown in Figure 3-37. 

Therefore, C2
*/OH* chemiluminescent intensity ratio can be used as propane 

substitution indicator; however, the background emission has to be removed.  

 

Figure 3-39 Fuel blend composition effect on C2
*/OH* chemiluminescent intensity ratio of 

stoichiometric flame at strain rate = 240 s-1.  

Equivalence ratio indicator for premixed flame with blended fuel 

The OH*/CH(A) chemiluminescent intensity ratio can be used as equivalence 

ratio indicator for methane and propane flames as discussed. However, for 

blended fuel flames, the available data of OH*/CH(A) chemiluminescent 

intensity ratio is limited. Moreover, due to the inability of the burners employed 

in the literature [23, 32, 65, 66] to maintain the strain rate constant, the 

influence of the flame strain rate on OH*/CH(A) chemiluminescent intensity ratio 
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in blended fuel flames has never been examined before. Taking advantage of 

the ability of independent control of equivalence ratio and strain rate in the 

counterflow burner, the evaluation of equivalence ratio and strain rate effects 

on OH*/CH(A) can be performed simultaneously. Figure 3-40, Figure 3-41 and 

Figure 3-42 present the OH*/CH(A) chemiluminescent intensity ratios for the 

flame with hydrogen, propane and carbon dioxide methane substitution in the 

fuel blend respectively. A moderate amount (20%) of fuel substitution was 

selected to ensure a wide flame operation range and prominent fuel 

substitution effects. In the meantime, more than 20% substitution is not 

common in practical applications. Therefore, the result presented here can be 

treated as a critical assessment for using chemiluminescence flame monitoring 

in blended fuel flames in practical applications.  

As discussed in Section 3.2.1 , the high CO2
* contribution on the measured CH(A) 

intensity leads to a non-monotonic behaviour of OH*/CH(A) chemiluminescent 

intensity ratio in lean flames. Therefore, the CO2
* contribution needs to be 

corrected to achieve a monotonic OH*/CH(A) response with equivalence ratio 

variation. Since H2 addition will increase CO2
* contribution in the measured CH(A) 

intensity signal, an expected non-monotonic behaviour of the OH*/CH(A) in lean 

flames was exhibited, as shown in Figure 3-40 (a). However, after the correction 

of background emission, the OH*/CH(A) chemiluminescent intensity ratio 

presented a monotonic behaviour with equivalence ratio and nearly 

independent from strain rate, see Figure 3-40 (b). The magnitude of OH*/CH(A) 

chemiluminescent intensity ratio increased about five times in lean flames, 

while generally remained constant in rich flames.  
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Figure 3-40 Global chemiluminescent intensity ratios of OH*/CH(A) for flames with 20% H2 + 
80% CH4 as fuel blend at different strain rates and equivalence ratios; (a) results without CO2

* 
background correction; (b) results with CO2

* background correction.  

For propane enriched methane flames, both the OH*/CH(A) chemiluminescent 

intensity ratios with and without background emission correction exhibited 

monotonic decrease with equivalence ratio varied from lean to rich regimes, as 

shown in Figure 3-41. The slightly increase of OH*/CH(A) ratios in rich propane 

flames was not observed in the present 20% C3H8 + 80% CH4 mixture flames. 

Strain rate did not show any significant effect on both chemiluminescent 

intensity ratios. The magnitude of these two intensity ratios generally remained 

constant after correction for the background emission intensity.  
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Figure 3-41 Global chemiluminescent intensity ratios of OH*/CH(A) for flames with 20% C3H8 
+ 80% CH4 as fuel blend at different strain rates and equivalence ratios; (a) results without 
CO2

* background correction; (b) results with CO2
* background correction.  

For CO2 diluted flames, all the CO2
*, OH* and CH(A) chemiluminescent intensities 

decreased, therefore, a low SNR intensity was measured in the CO2 diluted 

flames. For the OH*/CH(A) without background emission correction, although it 

showed a monotonic behaviour with equivalence rate variation, a strong strain 

rate dependence was observed, as shown in Figure 3-42 (a). This strain rate 

dependence was reduced when CO2
* chemiluminescence emission was 

corrected. However, a non-monotonic behaviour was exhibited in lean flames. 

Therefore, the background emission corrected OH*/CH(A) chemiluminescent 

intensity ratio is not a good equivalence ratio indicator.  
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Figure 3-42 Global chemiluminescent intensity ratios of OH*/CH(A) for flames with 20% CO2 + 
80% CH4 as fuel blend at different strain rates and equivalence ratios; (a) results without CO2

* 
background correction; (b) results with CO2

* background correction 

The ability of the chemiluminescent intensities to monitor fuel substitution 

composition and equivalence ratio in fuel blended flames, which was the 

motivation of this section, is summarized in Table 3-3 and Table 3-4. All three 

fuel substitutions can be indicated by selecting appropriate chemiluminescent 

intensity ratios. However, the background emission needs to be corrected for 

when applying these ratios for monitoring. While OH*/CH(A) intensity ratio can 

be used in hydrogen and propane enriched flames as an indicator of equivalence 

ratio, no good equivalence ratio indicator was identified for the carbon dioxide 

diluted methane flames.  

Fuel substitution 

composition 
Composition indicator Note 

H2 
CO2

*/(CH(A)+CO2
*) 

Weakly increase with H2 

proportion 

OH*/CH(A) BGRM is recommend 
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CO2 
CO2

*/(C2
*+CO2

*) Not supported by literature 

OH*/CH(A) No need for BGRM 

C3H8 

CO2
*/(OH*+CO2

*)  

OH*/CH(A) BGRM is recommend 

C2
*/OH* BGRM is essential 

Table 3-3 Summary of suggested fuel substitution composition indicator.  

 

Fuel substitution 

composition 
Composition indicator Note 

H2 OH*/CH(A) BGRM is essential 

CO2 OH*/CH(A) No need for BGRM 

C3H8 OH*/CH(A) 

Strain rate dependence 

or non-monotonic with 

equivalence ratio 

Table 3-4 Summary of suggested reacting mixture equivalence ratio indicator for different fuel 
substitution compositions.  

3.5 Conclusions 

3.5.1 Premixed methane-air flames (Section 3.2) 

➢ An analytical and spectral investigation of the line of sight measured OH* 

chemiluminescence spectra demonstrated the importance of self-

absorption from the ground state OH on the recorded OH* spectra. The 

distribution of the OH* spectral intensity has a good correlation with the 

reciprocal of the OH mole fraction. Such effect does not influence the CH(A) 

and C2
* spectra for methane flames due to the low concentration of CH and 

C2 species. 
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➢ CO2
* chemiluminescence generates a background emission with a broad 

spectrum between 250 nm and 600 nm and its intensity varies with 

wavelength. The contribution from CO2
* chemiluminescence at the 

wavelength ranges of OH*, CH(A) and C2
* emissions represents around 70%, 

75% and 80% respectively. Therefore, the CO2
* chemiluminescence 

contribution must be considered for the interpretation of measured 

chemiluminescence emissions.  

➢ The results from two kinds of chemiluminescent intensity measuring 

methods, namely line of sight and nominally local, show very good 

agreement, which proves reliability of the present measurements.  

➢ Proper narrow band spectral filters for OH*, CH(A) and C2
* intensity 

measurements can partially remove the CO2
* chemiluminescence 

contribution. However, a significant reduction of signal intensity and 

increase of OH* self-absorption effect was founded.  

➢ Chemiluminescent intensities for CO2
*, OH* and CH(A) exhibit good ability 

to indicate hear release rate, thus they can be considered as good markers 

for monitor rate of heat release in practical applications. 

➢ Due to the strong flame strain rate dependence and low signal intensity in 

lean flames, C2
* chemiluminescent intensity is inappropriate for measuring 

flame heat release rate.  

➢ The measured OH*/CH(A) chemiluminescent intensity ratio after removing 

the contribution of the CO2
* background emissions exhibits monotonic 

dependence over all the range of equivalence ratios, while it remains 

independent of flame strain rate, and can be used to indicate the 

equivalence ratio of the reacting mixture. However, the OH*/CH(A) 

chemiluminescent intensity ratio without removing the CO2
* 

chemiluminescent intensity has a non-monotonic dependence on 
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equivalence ratio for lean flames close to the extinction limit. This is 

confirmed by both methods for chemiluminescent intensity measurements. 

Proper narrow band filters can correct this non-monotonic behaviour by 

partially remove the CO2
* chemiluminescence contribution.  

➢ C2
*/OH* and C2

*/CH(A) chemiluminescent intensity ratios highly dependent 

on strain rate and CO2
* chemiluminescence. Therefore, they are not 

appropriate flame equivalence ratio indicators.  

3.5.2 Premixed propane-air flames (Section 3.3) 

➢ Strong CH(A), CH(B) and C2
* chemiluminescent intensities were emitted 

from propane flames, while OH* chemiluminescent intensity is relatively 

lower.  

➢ The background emission at wavelength range from 250 nm to 400 nm is 

more prominent in premixed propane rather than methane flames. 

However, the origin of the broadband background emission in premixed 

propane flames is a more complex process than in methane flames. The 

contribution from CO2
* chemiluminescence at the wavelength ranges of 

OH*, CH(A) and C2
* emissions represents around 85%, 50% and 60% 

respectively. Therefore, the CO2
* chemiluminescence contribution on the 

measured OH* intensity emitted from premixed propane flames is higher 

than that for premixed methane flames, while the CO2
* background 

contribution on measured CH(A) and C2
* intensities is lower for propane 

than methane flames.  

➢ Self-absorption of OH* was stronger in propane than methane flames, 

which can lead to extra uncertainty in OH* chemiluminescence based 

diagnostics.  



172 

 

➢ CO2
* and OH* chemiluminescence can be used as good indicators of heat 

release rate in propane flames for the whole range of investigated 

equivalence ratios.  

➢ CH(A) and C2
* chemiluminescence intensities are more independent of 

flame strain rate than CO2
* and OH* in lean flames. So, there is a need to 

evaluate which of the chemiluminescence species follows more accurately 

the heat release rate. 

➢ OH*/CH(A) chemiluminescent intensity ratio exhibits a monotonic relation 

with equivalence ratio from lean to stoichiometric propane flames. Narrow 

band filtering does not have significant effect on measured OH*/CH(A) 

chemiluminescent intensity ratio. The intensity ratio has little dependence 

on flame strain rate, which makes it appropriate for monitoring of 

equivalence ratio in turbulent propane flames.  

➢ Chemiluminescent intensity ratio of C2
*/OH* and C2

*/CH(A) exhibit 

monotonic dependence on equivalence ratio and weak dependence on 

rate of strain for rich flames. However, they have limited sensitivity to 

determine the equivalence ratio of lean flames. 

➢ The vibration and rotation state of the measured C2
* spectra for premixed 

propane-air flames show that the excited C2
* species are in thermal non-

equilibrium state due to the high excess energy of its formation reactions.  

3.5.3 Premixed flames of fuel blends with air (Section 3.4) 

➢ The flame morphology in the opposed jet burner exhibits small changes for 

methane mixtures blended with propane, hydrogen or diluted with CO2 for 

all the examined types of blended mixtures and methane substitution 

levels.  
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➢ Interaction between several chemical and physical effects lead to complex 

variation of CO2
*, OH*, CH(A) and C2

* chemiluminescent intensity with 

substitution species proportion. Generally, hydrogen substitution of 

methane in a binary fuel blend increases CO2
* and OH* and decreases CH(A) 

and C2
* chemiluminescent intensities. Propane substitution decreases OH* 

and increases CO2
*, CH(A) and C2

* chemiluminescent intensities. Carbon 

dioxide substitution decreases the chemiluminescent intensities from all 

species.  

➢ For hydrogen substitution of methane in a binary fuel blend, 

CO2
*/(CH(A)+CO2

*) and OH*/CH(A) chemiluminescent intensity ratios can 

be used to indicate hydrogen proportion in binary fuel mixtures.  

➢ For propane substitution of methane in a binary fuel blend, 

CO2
*/(OH*+CO2

*), C2
*/OH* and OH*/CH(A) chemiluminescent intensity 

ratios are considered as good propane proportion indicators in binary fuel 

mixtures.  

➢ For carbon dioxide substitution of methane in a binary blend, 

CO2
*/(C2

*+CO2
*) and OH*/CH(A) chemiluminescent intensity ratios are 

considered as good carbon dioxide proportion indicators in the binary gas 

mixture. This blend is related to shale gas fuels, possibly generated through 

‘fracking’ processes, which tend to have significant level of CO2.  

➢ OH*/CH(A) chemiluminescent intensity ratio can be used to determine the 

equivalence ratio of blended binary methane-propane or methane-

hydrogen fuel mixtures with fixed proportion for the considered binary fuel 

mixtures. In addition, the behaviour is mildly affected by the strain rate, 

which makes it appropriate for monitoring turbulent blended flames. 
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Chapter 4 Numerical Study of Chemiluminescence 

Characteristics of Counterflow Premixed Flames 

4.1 Introduction  

Limited literature is available reporting the modelling results of OH*, CH(A) and 

C2
* chemiluminescence, as discussed in the literature review. As discussed in the 

Chapter 3, the CO2
* chemiluminescence plays an important role in the spectrum 

of emitted light from flames. However, there is lack of modelling results in the 

literature, which include modelling of CO2
* chemiluminescence simultaneously 

with OH*, CH(A) and C2
* chemiluminescence and comparing modelling to 

experimental results. In the meantime, the available detailed CO2
* 

chemiluminescence mechanism and recent updated reaction rate constants of 

reactions R1 and R2 require extensive validation for various strain rates and 

equivalence ratios. The reaction rate constants of chemiluminescence reactions 

have been deduced from different fuel oxidation mechanisms [21, 80, 92, 109, 

153]. However, none of these papers have discussed the robustness of 

chemiluminescence reaction rate constants with change of fuel oxidation 

mechanism. Especially, with the necessity of applying chemiluminescence 

reaction mechanisms in flames of complex composition fuel blends and porting 

the chemiluminescence modelling in CFD of combustion, the effect of both 

complicated and simplified fuel oxidation mechanisms on chemiluminescence 

modelling need to be assessed. Moreover, the debate on the ability of 

chemiluminescence to indicate HRR has continued over many years. Benefitting 

from the comprehensive detailed chemical reaction mechanism for 

chemiluminescence provided in the present study, the computed correlation 

between HRR and chemiluminescent intensity is evaluated to provide further 
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chemical and physical insight on the relation between HRR and 

chemiluminescence.  

In this chapter, the baseline case of premixed methane – air counterflow flames 

is modelled by GRI-Mech 3.0 and a new chemiluminescence reaction sub-

mechanism and is reported in Section 4.2. Then, in Section 4.3, the 

chemiluminescence characteristics of premixed propane – air counterflow 

flames are modelled by the same mechanism. The effect of the fuel oxidation 

mechanism on the calculated chemiluminescence characteristics is presented in 

the Section 4.4. In Section 4.5, the fuel composition effect on the flame 

chemiluminescence characteristics is reported. The chemical reaction path of 

chemiluminescence, rate of production and sensitivity analysis is discussed in 

Section 4.6to provide an interpretation of the numerical and experimental 

results reported in the literature and the present study. Finally, the main findings 

are summarised in Section 4.6.  

4.2 Numerical Study of Chemiluminescence Characteristics of 

Counterflow Premixed Methane – air Flames 

4.2.1 Flame structure and spatial distribution of chemiluminescence 

precursors 

Since the chemiluminescence sub-mechanism includes extra reactions for C, C2, 

C2O, C3, C2H2 and C2H radicals, the influence of these extra reactions on the 

computed flame speed and flame structure needs to be evaluated. Although 

these reactions have been evaluated by Kathrotia [21, 99] in low pressure flames, 

they have not been examined in counterflow flames and their effect on flame 

speed has not been discussed. Therefore, the flame structure and flame speed 

calculated by unmodified GRI-Mech 3.0 and GRI-Mech 3.0 with the 
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chemiluminescence sub-mechanism are examined, as shown in Figure 4-1 and 

Figure 4-2.  

Figure 4-1 shows the temperature, heat release rate (HRR), reactant and product 

mole fraction distributions calculated by the unmodified GRI-Mech 3.0 and the 

GRI-Mech 3.0 + chemiluminescence sub-mechanism. The chemiluminescence 

sub-mechanism slightly increased the peak HRR (2%) at the flame front. 

Therefore, the flame slightly moved in the upstream direction. Therefore, it is 

expected that the calculated flame speed will increase slightly. Apart of this 

difference, no other significant discrepancies were found in the flame structure.  

Since the upstream shift of the flame will change the calculated flame speed, 

the reference flame speed, calculated by the two mechanisms, is plotted as a 

function of equivalence ratio for flame strain rate = 160 s-1. The local minimum 

point of the axial velocity profile is defined as the reference flame speed 

corresponding to the local strain rate, which by definition is simply the velocity 

gradient ahead of it [192]. Therefore, the reference flame speed can better 

indicate the flame position effect than the flame speed. It is found that, as 

shown in Figure 4-2, the reference flame speed calculated by GRI-Mech 3.0 + 

chemiluminescence sub-mechanism was slightly higher than calculated by the 

unmodified GRI-Mech 3.0. GRI-Mech 3.0 has been reported to slightly 

underestimate the flame speed in rich premixed methane – air flames [152]. 

Benefitting from the addition of the C, C2, C2O, C3, C2H2 and C2H reactions, the 

GRI-Mech 3.0 + chemiluminescence sub-mechanism performed better than the 

unmodified GRI-Mech 3.0 in predicting reference flame speed for rich flames. In 

summary, the extra reactions introduced by the chemiluminescence sub-

mechanism generally improved the performance of the mechanism.  
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Figure 4-1 Structure of a counterflow premixed methane – air flame with ER = 1.0 and a = 160 
s−1, calculated using the GRI-Mech 3.0 + chemiluminescence sub-mechanism (solid line) and 
unmodified GRI-Mech 3.0. 

 

Figure 4-2 Comparison of the calculated reference laminar flame speed as defined in [192], 
calculated based on the unmodified GRI-Mech 3.0 and the GRI-Mech 3.0 + chemiluminescence 
sub-mechanism. The strain rate of the flame is 160 s-1. 
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Before discussing the characteristics of the chemiluminescence species, it is 

interesting to examine the spatial distribution of their precursors. Studies have 

reported that the minor mole fraction of excited species does not influence the 

flame structure. However, there is no available evaluation of the effects of the 

mole fraction of excited species and mole fraction of their precursors on the 

flame structure. Therefore, the spatial distributions of the precursors of OH*, 

CH(A), C2
* and CO2

* are plotted in Figure 4-3, Figure 4-4, Figure 4-5 and Figure 

4-6 respectively.  

It has been reported that the OH* is mainly formatted through CH + O2 = OH* + 

CO (R2) [21], which includes a minor and a major species as reactants. It can be 

found that the mole fraction of CH is five orders lower than O2, which means 

that reaction R2 will not bring any notable influence on O2. Due to the low mole 

fraction of CH, the produced OH* mole fraction was of the order of ~10−10. 

Comparing with the order of OH mole fraction (~10−3), the OH formatted from 

quenching of OH* was negligible. The large difference of OH mole fraction and 

OH* mole fraction supported the self-absorption phenomenon, observed in the 

experiment. The low mole fraction of OH* also supports that the addition of 

reaction R2 did not influence the CH mole fraction.  



179 

 

 

Figure 4-3 Spatial distributions of OH* precursors mole fractions, OH mole fraction and HRR.  

Like the OH* formation, the CH(A) is formatted from reactions with a minor and 

a major species as reactants. Therefore, the CH(A) reactions (R14 - R17) did not 

influence the major species’ mole fraction (H, O, O2, OH), due to the low mole 

fraction of minor species. The modelled CH(A) mole fraction was of the order of 

~10−11, which is about one order less than OH* and five orders less than CH. 

Therefore, the CH(A) sub-mechanism will not influence the mole fraction of CH, 

which means that the OH* and CH(A) sub-mechanisms are independent from 

each other. The mole fraction of CH was three orders less than OH, therefore, 

self-absorption was not observed in the measured CH(A) spectra.  
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Figure 4-4 Spatial distributions of CH(A) precursors mole fractions, CH mole fraction and HRR. 

Since the C2
* precursors (C and C3) highly depend on the extra C, C2, C2O, C3, C2H2 

and C2H reactions introduced by the chemiluminescence sub-mechanism, it is 

important to examine the mole fraction of C and C3. As shown in Figure 4-5, the 

mole fraction of C was about five orders higher than the mole fraction of C3. 

Therefore, it is expected that R44 is the main formation path of C2
*. The 

modelled mole fraction of C2
* was of the order of ~10−13, which is three orders 

lower than C2. Although C2 mole fraction was of the order of ~10−10, the C2
* did 

not influence the C2 mole fraction. Since the C2
* mole fraction order was ~10−13 

for a stoichiometric flame, the absolute tolerance for Newton iteration should 

be no more than ~10−15 to ensure that the residual is much lower than C2
* mole 

fraction. This low tolerance brought extra difficulty on converging the iterations, 

especially for lean flames.  
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Figure 4-5 Spatial distributions of C2
* precursors mole fractions, C2 mole fraction and HRR. 

However, for the CO2
* formation reactions, R54 is a three-body recombination 

reaction with CO and O as reactants, which are major species in CH4 flame. 

Although the calculated CO2
* mole fraction is of the order of ~10−9, which was 

much higher than that of other excited species, it is still several orders lower 

than the mole fraction of CO, O, HCO and CO2. Therefore, the CO2
* 

chemiluminescence sub-mechanism is also independent of other 

chemiluminescent species sub-mechanisms and does not influence the fuel 

oxidation process.  
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Figure 4-6 Spatial distributions of CO2
* precursors mole fractions and HRR. 

4.2.2 Peak position, peak thickness and peak-to-peak distance between 

chemiluminescence and heat release rate 

One of the main advantages of the current chemiluminescence sub-mechanism 

is that it includes the OH*, CH(A), C2
* and CO2

* chemiluminescence, which is 

more comprehensive than other sub-mechanisms reported in the literature. 

Kojima et al. [111] measured the peak positions of OH*, CH(A) and C2
* 

chemiluminescence in a slot burner. Therefore, it is interesting to compare the 

relative position between OH*, CH(A) and C2
* chemiluminescence. There is only 

one available set of data on the spatial distribution of CO2
* in a cone shape flame, 

which was measured by Guiberti et al. [65]. However, to suppress the noise, they 

used a 10 X 10 pixels medium pass filter, which was strongly broadening the CO2
* 

profile. Therefore, only measurements with proper data post processing 
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procedure can provide meaningful data on chemiluminescent intensity peak 

information.  

For the modelling of the chemiluminescent peak intensity and its location, 

tolerance and solution gradient and curvature based adaptive grid control are 

very important because they control the final grid number of the computation 

and further control the spatial resolution of the final solution. Therefore, small 

tolerance, solution gradient and curvature based adaptive grid control values 

are required to achieve a very fine grid. However, fine grid leads to increase of 

computing time. In the current study, the absolute and relative tolerance values 

for the iteration were 10-15 and 10-6 respectively, and the gradient and curvature 

grid control were 0.1 and 0.5. For the GRI-Mech 3.0 + chemiluminescence sub-

mechanism cases, the array size of the final solutions nearly reached the limit of 

the 32-bit processor permit memory size.  

Peak position of heat release rate, OH*, CH(A), C2
* and CO2

* chemiluminescent 

intensity profiles 

The dependence of OH*, CH(A), C2
* and CO2

* peak intensity positions on 

equivalence ratio of the mixture was examined and is presented in Figure 4-7, 

Figure 4-8 and Figure 4-9 for ER=0.6, 1 and 1.3 respectively. For all equivalence 

ratios, the peak positions of the chemiluminescent intensity were outside the 

flame front in the burnt gases. Therefore, the peak positions of 

chemiluminescence can be used as indicators of the burnt gas. Kojima et al. [111] 

concluded that the peaks of OH* and CH(A) chemiluminescence were at the side 

of the unburnt gas of a premixed laminar flamelet, which is not supported by 

the present study. In addition, they did not examine the relative positions 

between the peak of HRR and chemiluminescence, while their temperature and 

chemiluminescence profiles suggested that all the chemiluminescence peak 
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intensities were in the high temperature region, which corresponds to the 

burning or burnt gas region. Therefore, the relative peak distance and position 

sequence of the HRR and chemiluminescence peaks must be examined carefully.  

Figure 4-7, Figure 4-8 and Figure 4-9 show that the peak of OH* is the 

chemiluminescence peak that is closer to the HRR peak. Further details on the 

peak-to-peak distance between chemiluminescence and HRR will be discussed 

later. For the lean flame (ER = 0.6), the sequence of the peak positions was HRR- 

OH*- CH(A) (C2
*)- CO2

*. This sequence was preserved in the stoichiometric flame 

in which the peak of C2
* chemiluminescence was found between the CH(A) and 

CO2
* peaks. However, the sequence changed to HRR- CH(A)- OH*- CO2

*- C2
* for 

the rich flame (ER = 1.3). The change of the sequence did not agree with 

measured results from Kojima et al. [111], which showed that the sequence was 

OH*- CH(A)- C2
* and remained the same for all equivalence ratios.  
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Figure 4-7 Normalized intensity profiles of OH*, CH(A), C2
*, CO2

* chemiluminescence and HRR 
for premixed methane – air counterflow flame with equivalence ratio 0.6 and strain rate = 160 
s-1.  

 

Figure 4-8 Normalized intensity profiles of OH*, CH(A), C2
*, CO2

* chemiluminescence and HRR 
for premixed methane – air counterflow flame with equivalence ratio 1.0 and strain rate = 160 
s-1. 
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Figure 4-9 Normalized intensity profiles of OH*, CH(A), C2
*, CO2

* chemiluminescence and HRR 
for premixed methane – air counterflow flame with equivalence ratio 1.3 and strain rate = 160 
s-1. 

Peak-to-peak distance between chemiluminescent intensity and heat release rate 

Further to the peak sequence of chemiluminescence and HRR, the peak-to-peak 

distance between chemiluminescence and heat release rate were examined in 

the present study.  

Figure 4-10 shows the modelled and measured peak-to-peak distances between 

OH* and CH(A), and OH* and C2
*. The behaviour of the peak-to-peak distance 

between OH* and CH(A) is complex. It remained nearly constant in the lean and 

stoichiometric flames and decreased to nearly zero for flames with ER = 1.2. 

Then, it increased for flames with ER = 1.3, which was caused by the change of 

the peak sequence, as discussed above. The OH* to CH(A) peak-to-peak distance 

generally agreed with the experimental data of [111] in lean and stoichiometric 

flames, but disagreed with the measurements in rich flames. For the peak-to-
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peak distance between OH* and C2
*, the distance remained nearly constant for 

lean and stoichiometric flames and increased dramatically with ER for rich 

flames. The modelled results achieved excellent agreement with the 

experimental results of [111]. Based on the modelling data, strain rate did not 

play an important role in these two peak-to-peak distances.  

 

Figure 4-10 Comparison between calculated and measured peak-to-peak distance between 
OH* and CH(A) intensities and between OH* and C2

* intensities as functions of ER and strain 
rate. The experimental data is from [111].  

The distance between HRR and four chemiluminescent intensity peaks, as well 

as the distance between the peaks of HRR and two HRR markers that have been 

used in the literature [11, 193] are shown in Figure 4-11 and Figure 4-12. 

Generally, the peak-to-peak distance between HCO and HRR was about 10 μm, 

followed by the peak of OHxCH2O, which was located about 20 μm from the HRR 

peak value. From the chemiluminescence markers, the OH* peak exhibited 

about 30 μm distance from the HRR peak, while the CH(A), C2
* and CO2

* peaks 

exhibited about 50 μm distance to HRR peak. Since a typical spatial resolution of 

PLIF based diagnostics is about 50 μm [194], all the chemiluminescence markers 
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have similar ability to indicate the HRR location as the PLIF measurements of 

HCO and OHxCH2O in flames. However, for near lean and rich extinction flames 

(ER = 0.6 and 1.3), the OH* to HRR and C2
* to HRR peak-to-peak distances were 

significantly higher than 50 μm. Considering the low signal intensity of C2
* in 

practical measurements, the C2
* chemiluminescence is not a good marker of the 

HRR position in lean flames.  

 

Figure 4-11 Calculated peak-to-peak distances between HRR and mole fraction of HCO, 
OHxCH2O, OH* and CH(A) as functions of equivalence ratio and strain rate. 
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Figure 4-12 Calculated peak-to-peak distances between HRR and mole fraction of HCO, 
OHxCH2O, C2

* and CO2
* as functions of equivalence ratio and strain rate. 

Thickness of OH*, CH(A), C2
* and CO2

* chemiluminescent emission intensity 

profiles and heat release rate profiles.  

The full width at half maximum (FWHM) of the chemiluminescence and HRR 

profiles is presented in Figure 4-13. Since the chemiluminescence has been used 

as a HRR marker [20], the difference of the FWHM between chemiluminescence 

and HRR is an important evaluation of the HRR marking. If the thickness of the 

chemiluminescence intensity profile is thinner than that of the HRR profile, the 

HRR will be underestimated, especially for weak HRR regions. The modelled 

chemiluminescent intensity profile thickness, shown in Figure 4-13, was 

generally thinner than the experimental data from the literature [111], and the 

difference between the measurements of [111] and the current simulations was 

around 0.1 mm for lean flames and 0.025 mm for rich flames. If the grid size is 

taken into account, which was 0.05 mm for stoichiometric and 0.0007 mm for 

rich flames, and the difference between the combustor geometry in the 

literature [111] and the present study, the observed difference between 

experiments and simulations is expected. The simulated FWHM of the HRR 

profile was generally thicker than that of all the chemiluminescent intensity 

profiles, except for CO2
* in rich flames. Therefore, chemiluminescence tends to 

follow the HRR behaviour, but underestimates the actual HRR value. This 

conclusion agrees with findings from a recent OH* simulation [195]. According 

to the results showed in Figure 4-13, CO2
* is a better indicator of HRR than OH*.  

Since the modelled thickness and peak-to-peak distance are generally thinner/ 

shorter than the measured data, the number of grid cells used for the modelling 

is high enough to track well the chemiluminescent intensity peak information.  
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Figure 4-13 Thickness (fall-width–half-maximum) of the chemiluminescent emission intensity 
profiles and HRR profiles along the flame. (Line) Simulation. (Point) Experiment [111]. 

4.2.3 Calculated OH*, CH(A), C2
* and CO2

* chemiluminescent intensities 

in premixed methane-air counterflow flames. 

In order to assess the ability of the employed chemiluminescence detailed 

chemistry mechanism to predict the measured chemiluminescent intensity and 

the ability of using chemiluminescence as an HRR indicator, the 

chemiluminescent intensities measured with the Cassegrain-PMTs system are 

compared with the calculated Chemiluminescence values and the computed 

HRR in Figure 4-14.  

Figure 4-14 (a) presents the calculated HRR and the calculated and measured 

OH* chemiluminescent intensities as a function of equivalence ratio with strain 

rate as a parameter. The chemiluminescent intensity is represented by the Rate 

of Production (ROP) of radiative quenching reactions (R3, R18, R33, R46 and R56) 
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and is normalized by the corresponding calculated maximum intensity. The 

results show that this calculated quantity matches the measured 

chemiluminescent intensity. The OH* chemiluminescent intensity increased 

monotonically with ER for all values of strain rate for a range of 0.6 ≤ ER ≤ 1.1 

and decreased monotonically for larger values of ER. According to the current 

calculations, the strain rate does not modify the heat release rate or the 

chemiluminescent intensity for the lean range of ER, 0.6 ≤ ER ≤ 0.9, while the 

strain rate affects both calculated quantities for flames with ER > 0.9. In contrast, 

the experimental results show that there was an effect of the strain rate for all 

values of ER. The measured maximum OH* intensity is for ER = 1.0, while the 

calculated one occurs for ER = 1.1. The maximum calculated OH* intensity 

correlated well with the maximum heat release rate for all values of strain rate. 

Thus, this supports further the suggestion that OH* chemiluminescence can be 

used as heat release rate marker. 

Calculated HRR and normalized experimental and numerical CH(A) intensities 

are plotted as a function of equivalence ratio with strain rate as a parameter in 

Figure 4-14 (b). The overall trends for the calculated CH(A) intensity are the 

same as for OH*, while CH(A) intensities follow the same trend as the heat 

release rate for 0.6 ≤ ER ≤ 0.9. The calculated maximum values of CH(A) 

chemiluminescence as a function of ER with the strain rate as a parameter have 

the same behaviour with equivalence ratio as the experimental results. 

Moreover, unlike the observations for OH*, the maximum of the calculated CH(A) 

intensity occurs for flames with ER = 1.1, the same as the measured one. The 

CH(A) chemiluminescent intensity correlated well with the calculated maximum 

values of the heat release rate, so the CH(A) can be used as heat release rate 

marker.  
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The calculated CO2
* chemiluminescent intensity and HRR are presented in Figure 

4-14 (c). The local CO2
* chemiluminescence could not be measured by the 

Cassegrain-PMTs system, due to the limitation of the optical filter used in the 

system. However, the calculated CO2
* chemiluminescence was found to be in 

good agreement with the measured global CO2
* emissions, as described in 

Chapter 3. However, the calculated CO2
* chemiluminescent intensity for flames 

with ER = 0.9 was about 30% higher than that at ER = 1.1, which is inconsistent 

with the calculated HRR and global CO2
* chemiluminescent intensity. Moreover, 

the calculated CO2
* chemiluminescent intensity is about 2 orders of magnitude 

higher than the OH* chemiluminescent intensity, which is not presented here. 

Therefore, the considered detailed chemistry of the CO2
* chemiluminescence 

cannot predict the measured CO2
* chemiluminescent intensity well and this will 

be further discussed in the following section. 

Figure 4-14 (d) shows the calculated and measured C2
* chemiluminescent 

intensities, which demonstrate good agreement, especially for rich flames. The 

Cassegrain-PMT system that measured the chemiluminescent intensities does 

not have information about the spectral emissions around the wavelengths of 

the chemiluminescent species and, consequently, cannot evaluate the 

magnitude of the CO2
* background intensity. Thus, the calculated C2

* intensity is 

lower than the measured one in lean flames, because the measured intensity 

includes the CO2
* background as well. 
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Figure 4-14 Calculated and measured (a) OH*, (b) CH(A), (c) CO2
* and (d) C2

* chemiluminescent 
intensities, normalized by the corresponding maximum value, and calculated overall HRR in 
counterflow premixed methane-air flames with ER = 0.6 - 1.3 and strain rate 80 – 400 s-1. The 
measured (by the Cassegrain-PMTs system) chemiluminescent intensities are represented by 
diamonds, the calculated chemiluminescence by circles with solid lines and the calculated HRR 
is represented by dashed lines. 
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4.2.4 Calculated chemiluminescent intensity ratios in premixed 

methane-air counterflow flames. 

The predicted and measured chemiluminescent intensity ratios are compared 

from Figure 4-15 to Figure 4-19. The calculated OH*/CH(A) chemiluminescent 

intensity ratios monotonically increased for 0.6 ≤ ER < 0.8 and then 

monotonically decreased for 0.8 < ER ≤ 1.3, while its maximum value occurred 

at ER = 0.8 for all the strain rates. The corresponding measured values by the 

Cassegrain-PMTs system have a similar trend, but the maximum value of the 

ratio occurred at ER = 0.7. However, given the uncertainties of the detailed 

chemistry models, the predicted OH*/CH(A) chemiluminescent intensity ratio 

agrees very well with the measured results both qualitatively and quantitatively, 

as shown in Figure 4-15. However, it should be pointed out that the measured 

(with the Cassegrain-PMTs system) OH*/CH(A) chemiluminescent intensity ratio 

includes the effect of the CO2
* background emission. According to the findings 

of Chapter 3, the OH*/CH(A) chemiluminescent intensity ratio after the CO2
* 

background emission removal should be higher than the ratio with the CO2
* 

emission effect and remain monotonic for all values of ER. However, the 

numerical results have some non-monotonic behaviour, because the reaction 

rate of R2 and CH(A) formatting reactions were calibrated by shock tube or 

McKenna burner hydrocarbon flames [80, 84, 103], which emit CO2
* in addition 

to the other chemiluminescent intensities. Therefore, the reaction rate of R2 is 

also expected to include the CO2
* emission effects. Nevertheless, the ability of 

the current chemistry model to reproduce the non-monotonic behaviour of the 

OH*/CH(A) chemiluminescent intensity ratio has not been reported for previous 

chemistry models.  
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Figure 4-15 Calculated and measured OH*/CH(A) chemiluminescent intensity ratio as a 
function of equivalence ratio with the strain rate as a parameter in counterflow premixed 
methane-air flames. The lines with dots refer to numerical results and the diamonds refer to 
experimental results.  

Figure 4-16 shows the calculated and measured C2
*/OH* chemiluminescent 

intensity ratios as a function of ER, which agree quantitatively very well. The only 

deviation is for values of ER beyond 1.2, where the calculated results decrease 

in contrast to the measured values. There is good confidence on the measured 

results, which also agree with previous Cassegrain-PMTs system results carried 

out by Cheng et al. [173]. Therefore, this disagreement should be originated 

from the modelled results, which suggest that there is some remaining problem 

in the detailed chemistry model for C2
* for very rich flames.  
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Figure 4-16 Calculated and measured C2
*/OH* chemiluminescent intensity ratio as a function 

of equivalence ratio with the strain rate as a parameter in counterflow premixed methane-air 
flames. The lines with dots refer to numerical results and the diamonds refer to experimental 
results. 

The calculated and measured C2
*/CH(A) chemiluminescent intensity ratios are 

presented in Figure 4-17. This intensity ratio is qualitative in good agreement for 

the ER range from 0.6 to 1.2. However, the measured ratio is about two times 

higher than the calculated. Moreover, the calculated results agree qualitatively 

and quantitatively with the global spectrographic measurements of Chapter 3. 

This suggests that the disagreement between measured and numerical results 

is probably due to the background emissions that remain in the C2
* 

chemiluminescent intensity measurements with the Cassegrain-PMTs system. In 

addition, the optical filter bandwidth, used for the measurements, may also 

contribute to the discrepancy. However, the uncertainty of the detailed 

chemistry models of such minor species may be significant, which justifies the 

observed differences.  
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Figure 4-17 Calculated and measured C2
*/CH(A) chemiluminescent intensity ratio as a function 

of equivalence ratio with the strain rate as a parameter in counterflow premixed methane-air 
flames. The lines with dots refer to numerical results and the diamonds refer to experimental 
results. 

The chemiluminescent intensity ratios of CO2
*/OH* and CO2

*/CH(A) as a function 

of ER are shown in Figure 4-18 and Figure 4-19 to further assess the ability of 

the assembled detailed chemistry chemiluminescence sub mechanism to 

predict the CO2
* emissions. Both the CO2

*/OH* and CO2
*/CH(A) 

chemiluminescent intensity ratios decrease with ER and the strain rate does not 

significant affect the chemiluminescent intensity ratios, except for the 

CO2
*/CH(A) chemiluminescent intensity ratios at ER = 0.6, which is close to the 

extinction limit. The comparison of the results of Figure 4-19 with the 

experimental results of global chemiluminescent intensity measurements, 

discussed in Chapter 3, demonstrates that the magnitude of the calculated 

CO2
*/OH* and CO2

*/CH(A) chemiluminescent intensity ratios are about two 

orders of magnitude higher than the measured values. Although the measured 

and modelled CO2
*/CH(A) intensity ratios agree well qualitatively, the CO2

*/OH* 

intensity ratio did not show an agreement. The disagreement is probably caused 
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by the element reactions of the CO2
*, which were not quantitatively calibrated 

by measuring the mole fraction or concentration of CO2
* species [108, 109]. Thus, 

better evaluation of element reactions of the CO2
* chemiluminescence is 

required, since the effect of CO2
* chemiluminescence is important for practical 

chemiluminescence-based flame sensors [59, 196, 197]. In the next chapter, a 

new CO2
* chemiluminescence mechanism is developed and more details and 

comparisons between modelling and experiments related to CO2
* will be 

discussed. 

 

Figure 4-18 Calculated CO2
*/OH* chemiluminescent intensity ratios as a function of 

equivalence ratios with the strain rate as a parameter in counterflow premixed methane-air 
flames 
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Figure 4-19 Calculated CO2
*/CH(A) chemiluminescent intensity ratios as a function of 

equivalence ratio with the strain rate as a parameter in counterflow premixed methane-air 
flames 

4.3 Numerical Study of Chemiluminescence Characteristics for 

Counterflow Premixed Propane – air Flames 

As discussed in Chapter 3, propane is an important fuel and an important 

component of natural gas blends. Since the decomposition of C- C- C bond could 

provide new formation paths for chemiluminescence precursors, which will lead 

to the different chemiluminescence behaviour than in methane flames, 

observed in the experiment. One of the main limitations of the experiment is its 

inability to provide chemistry interpretation.  

Since the availability of experimental results on chemiluminescence 

characteristics of premixed propane – air flames is limited, there is very limited 

literature on modelling chemiluminescence characteristics for premixed 

propane – air flames. Therefore, this section will systematically evaluate the 
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ability of the new mechanism on modelling chemiluminescence for premixed 

propane flames.  

4.3.1 Calculated OH*, CH(A), C2
* and CO2

* chemiluminescent intensities 

in premixed propane-air counterflow flames.  

Figure 4-20 presents the normalized calculated HRR, as well as OH*, CH(A), CO2
* 

and C2
* chemiluminescent intensities and calculated HRR in counterflow 

premixed propane-air flames. Generally, the equivalence ratio dominated all the 

chemiluminescent intensities, while the strain rate played secondary role. 

Although the flame strain rate effect is more prominent in propane than in 

methane flames, it is still underestimated when compared to the experimental 

results of Chapter 3.  

Figure 4-20 (a) shows that the OH* chemiluminescent intensity varied with 

equivalence ratio and strain rate. The OH* chemiluminescent intensity increased 

with ER from 0.6 and reached a maximum at ER = 1.2. This is not consistent with 

the experimental results, which have a maximum at ER = 1.0. The calculated HRR 

increased with ER in the range of 0.6 ≤ ER ≤ 1.1 and decreased for ER > 1.1, while 

its maximum value occurred at ER = 1.1 for all strain rates. In addition, the model 

underpredicted OH* chemiluminescent intensity in lean flames.  

The computed CH(A) chemiluminescence had a very similar behaviour as the 

HRR. As seen in Figure 4-20 (b), it is even hard to distinguish the CH(A) and HRR, 

since their curves overlap. Therefore, based on the numerical results, CH(A) is 

the best HRR indicator for premixed propane-air flames. The CH(A) reached a 

maximum at ER = 1.1, which disagrees with the experimental results of Chapter 

3. The most important difference between experiments and simulations is that 

the maximum of OH* occurred at a richer flame than CH(A), which suggests that 
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the behaviour of chemiluminescence precursors changed significantly for 

propane-air flames. More detailed interpretation will be provided later.  

 

Figure 4-20 Calculated (a) OH*, (b) CH(A), (c) CO2
* and (d) C2

* chemiluminescent intensity, 
normalized by the maximum value, and calculated overall HRR in counterflow premixed 
propane – air flames with ER = 0.6 - 1.3 and a = 80 - 400s-1. The calculated chemiluminescence 
is represented by circles with solid lines and the calculated HRR is represented by dashed lines. 

The modelled CO2
* chemiluminescence exhibited a good agreement with the 

computed HRR, as shown in Figure 4-20 (c), although it was worse than for OH* 

and CH(A). CO2
* intensity increased from ER = 0.6 to stoichiometry, then, 

decreased for rich flames, while its maximum occurred at stoichiometry. This 

behaviour generally qualitatively agrees with the experiments of Chapter 3. 

However, in the experiment, CO2
* exhibited very similar behaviour as OH*, while 

this similarity was not reproduced in the modelling.  
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For C2
* chemiluminescence, the modelled results exhibited a monotonic 

incremental behaviour with equivalence ratio range from 0.6 to 1.3, which is in 

agreement with the experimental observation. However, the modelled C2
* was 

nearly zero from ER = 0.6 until ER = 0.9, which is lower than the experimental 

results. This underprediction may suggest that the main C2
* formation path in 

lean propane flames is different than in methane flames and the current 

chemiluminescence chemistry sub-model cannot reproduce this difference.  

4.3.2 Calculated chemiluminescent intensity ratios in premixed 

propane-air counterflow flames.  

The new chemiluminescence sub-mechanism exhibited a very good ability to 

model OH*/CH(A), C2
*/OH* and C2

*/CH(A) chemiluminescent intensity ratios in 

methane flames. Therefore, it is interesting to examine its ability to predict 

chemiluminescent intensity ratios in propane flames. 

Figure 4-21 presents the OH*/CH* chemiluminescent intensity ratio for 

counterflow premixed propane-air flames for different equivalence ratios and 

strain rates. The modelled results showed a monotonic increase with 

equivalence ratio from 0.6 to 1.3. Strain rate did not significantly influence this 

chemiluminescent intensity ratio. However, the simulated results did not 

achieve any qualitative or quantitative agreement with experimental results. 

This is caused by the underprediction of OH* intensity, as discussed in Figure 

4-20 (a). A decreasing behaviour of OH*/CH(A) as measured in Chapter 3, can 

only be achieved when the gradient of OH* change with ER is lower than the 

CH(A) gradient change with ER, 
𝑑(𝐼𝑂𝐻∗)

𝑑(𝐸𝑅)
<

𝑑(𝐼𝐶𝐻(𝐴))

𝑑(𝐸𝑅)
. Figure 4-20 (a) and (b) showed 

that the computed gradient change of OH* with ER is higher than the change for 

CH(A) with ER, 
𝑑(𝐼𝑂𝐻∗)

𝑑(𝐸𝑅)
>

𝑑(𝐼𝐶𝐻(𝐴))

𝑑(𝐸𝑅)
. Therefore, the opposite trend is computed for 
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the variation of OH*/CH(A) with ER than in the experiments. On the other hand, 

this emphasized the difficulty to predict chemiluminescent intensity ratio and 

the significance of the qualitative and quantitative agreement with the 

measured OH*/CH(A) for methane-air premixed flames.  

 

Figure 4-21 Calculated OH*/ CH(A) chemiluminescent intensity ratio for premixed propane – 
air counterflow flames as a function of equivalence ratio with the strain rate as a parameter.  

Both C2
*/OH* and C2

*/CH(A) chemiluminescent intensity ratios exhibited a 

monotonic increase with ER, as shown in Figure 4-22 and Figure 4-23 

respectively, which is consistent with the experimental results of Chapter 3. 

However, an underprediction of the magnitude of C2
*/OH* and C2

*/CH(A) was 

observed for lean flames. Moreover, the simulated C2
*/OH* and C2

*/CH(A) 

chemiluminescent intensity ratios were lower than the measured results as 

discussed in Chapter 3. Along with Figure 4-16, Figure 4-17 and Figure 4-20 (d), 

the behaviour of the simulated C2
*/OH* and C2

*/CH(A) chemiluminescent 
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intensity ratios for propane-air premixed flames suggest that the C2
* intensity 

was underpredicted.  

 

Figure 4-22 Calculated C2
*/ OH* chemiluminescent intensity ratio for premixed propane – air 

counterflow flames as a function of equivalence ratio with the strain rate as a parameter.  
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Figure 4-23 Calculated C2
*/ CH(A) chemiluminescent intensity ratio for premixed propane – air 

counterflow flames as a function of equivalence ratio with the strain rate as a parameter.  

Chemiluminescent intensity ratios of CO2
*/OH* and CO2

*/CH(A) are plotted in 

Figure 4-24. Although Figure 4-20 (c) shows that the chemiluminescence 

mechanism modelled well CO2
* for premixed propane-air flames, the simulated 

CO2
*/OH* and CO2

*/CH(A) did not agree with the experimental results of Chapter 

3. As discussed for the premixed methane-air flames, the current mechanism 

overpredicted both CO2
*/OH* and CO2

*/CH(A) about two orders of magnitude. 

The CO2
*/CH(A) achieved a qualitative agreement with experimental results, 

however, this agreement was not found between simulated and measured 

CO2
*/OH* chemiluminescent intensity ratio.   

 

Figure 4-24 Calculated CO2
*/OH* and CO2

*/CH(A) chemiluminescent intensity ratio for 
premixed propane – air counterflow flames as a function of equivalence ratio with the strain 
rate as a parameter. Line with solid symbols: CO2

*/OH*, line with open symbols: CO2
*/CH(A).  
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4.4 Fuel Oxidation Mechanism Effect on Calculated 

Chemiluminescence Characteristics  

The chemiluminescence sub-mechanism for OH*, CH(A), CH(B) and C2
*was 

developed by Kathrotia [21] in collaboration with a C1-C4 main reaction 

mechanism developed by Heghes [198]. Moreover, the CO2
* chemiluminescence 

mechanism was developed by Petersen and co-authors [108, 109] by using NUIG 

C4 mechanism [199]. The success of GRI-Mech 3.0 + chemiluminescence sub-

mechanism in predicting chemiluminescence for methane-air premixed flames 

has proven its portability up to a certain level. However, the formation and 

decomposition of chemiluminescence precursors are related to C2 and C3 

reactions. Therefore, the effect of the selected C2 and C3 reactions on the 

calculated chemiluminescence characteristics need to be examined by using 

USC-Mech V2 + chemiluminescence sub-mechanism and UCSD-Mech + 

chemiluminescence sub-mechanism in the premixed methane-air flames.  

As discussed in Section 4.3, the modified GRI-Mech performed well in predicting 

chemiluminescence characteristics for methane-air flames. However, it did not 

reproduce the experimental results for propane-air flames. On one hand, the 

success in methane-air flames demonstrated the competence of the current 

chemiluminescence sub-mechanism. On the other hand, its failure in propane-

air flames may be caused by: (1) GRI-Mech 3.0 is modelling well the propane 

oxidation process, since it is a “pseudo” C1-C3 mechanism; (2) new 

chemiluminescence formation path(s) exist in the propane-air flames, which 

have not been included in the current chemiluminescence sub-mechanism. 

Therefore, two widely examined C1-C3 mechanisms, namely USC-Mech V2 and 

UCSD-Mech, are employed to provide a better prediction of the propane 

oxidation process. 
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4.4.1 Fuel oxidation mechanism effect on calculated 

chemiluminescence characteristics for premixed methane – air flames 

Heat release rate (HRR) is one of the most important parameters for a flame, 

since it determines the flame temperature and further influences the chemical 

reactions. Only few methods can directly measure HRR. For example, by 

measuring fuel or oxidant concentration, the consumption rate of fuel or 

oxidant can be deduced, which is the gradient of fuel or oxidant concentration. 

However, quantitative measurement of fuel or oxidant concentration requires 

sophisticated optical methods and deducing concentration and its gradient is 

sensitive to measurement uncertainty, especially for the highest gradient value. 

Therefore, HRR is not a widely used calibration target for mechanism 

development.  

The first parameter compared between the three mechanisms is the heat 

release rate, as shown in Figure 4-25. The HRR computed from USC-Mech V2 + 

chemiluminescence sub-mechanism and UCSD-Mech + chemiluminescence sub-

mechanism agreed well to each other. The HRR computed from GRI-Mech 3.0 + 

chemiluminescence sub-mechanism was about 10% higher than the other two 

modelled HRR values. Although there is a difference between HRR modelled by 

the different mechanisms, we cannot judge which is closer to the true value, 

because of lack of direct HRR measurements.  
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Figure 4-25 Modelled peak heat release rate in premixed methane – air counterflow flames 
with equivalence ratio in the range of 0.6 - 1.3 and strain rate range 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

The difference between different fuel oxidation mechanisms becomes more 

prominent for chemiluminescence prediction, as shown from Figure 4-26 to 

Figure 4-30.  

Figure 4-26 shows the modelled OH* chemiluminescent intensity from these 

three models. The trend of OH* chemiluminescent intensities modelled by these 

three mechanism assembles are general similar. The modelled OH* with the 

USC-Mech V2 mechanism was about 1.5 times that of the GRI-Mech 3.0 based 

mechanism. The modelled OH* from the USC-Mech V2 based mechanism 

showed a maximum between ER = 1.0 and 1.1, depending on strain rate. While, 

the magnitude of the modelled OH* intensity from the UCSD Mech mechanism 

was only about one third of that from the GRI-Mech 3.0 mechanism. The 
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modelled OH* intensity from both GRI-Mech 3.0 and UCSD Mech mechanisms 

reached a maximum for ER = 1.1.  

 

Figure 4-26 Modelled peak OH* chemiluminescent intensity in premixed methane – air 
counterflow flames with equivalence ratios 0.6 - 1.3 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

Similar qualitative trends for the modelled peak CH(A) chemiluminescent 

intensity with equivalence ratio were found for these three mechanisms. The 

modeled CH(A) from the USC-Mech V2 + chemiluminescence sub-mechanism 

was higher than those of the other two mechanisms , as shown in Figure 4-27. 

About 20% differences were found on the magnitude of the modelled CH(A) 

chemiluminescent intensity between the USC-Mech V2 and UCSD-Mech based 

results. The modelled CH(A) chemiluminescent intensity from the GRI-Mech 3.0 

mechanism was about half a magnitude lower than that from the USC-Mech V2 

mechanism. Moreover, the maximum of CH(A) chemiluminescent intensity 
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occurred at ER = 1.1 for the GRI-Mech mechanism, while, for the USC-Mech V2 

and UCSD-Mech mechanisms, the maximum occurred between ER = 1.0 to ER = 

1.1.  

 

Figure 4-27 Modelled peak CH(A) chemiluminescent intensity in premixed methane – air 
counterflow burner flames with equivalence ratios 0.6 - 1.3 and strain rates 80 – 400 s-1. Solid 
line: GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism. 

For the modelled C2
* chemiluminescent intensity of Figure 4-28, the results from 

USC-Mech V2 + chemiluminescence sub-mechanism and GRI-Mech 3.0 + 

chemiluminescence sub-mechanism were similar. However, the modelled C2
* 

from the UCSD-Mech mechanism was only 0.3 times the values of the GRI-Mech 

3.0 mechanism. Moreover, the maximum of the modelled C2
* chemiluminescent 

intensity occurred at ER = 1.1 for the UCSD-Mech mechanism, which is not close 

to the rich extinction limit at ER=1.3, as shown in the experiment.  
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Figure 4-28 Modelled peak C2
* chemiluminescent intensity in premixed methane – air 

counterflow flames with equivalence ratios 0.6 - 1.3 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism. 

For the modelled CO2
* chemiluminescent intensity of Figure 4-29, the results are 

more consistent for the three different mechanisms. The quantity and quality of 

CO2
* chemiluminescent intensity modelled by the three main reaction 

mechanisms generally agreed well with each other. However, there are still two 

differences: (1) the magnitude of the CO2
* chemiluminescent intensity from the 

USC-Mech V2 mechanism was slightly higher than that from the other two 

mechanisms, especially for lean flames; (2) the maximum of CO2
* 

chemiluminescent intensity occurred at ER = 0.9 for the USC-Mech V2 and UCSD-

Mech based mechanisms, while it occurred at ER = 1.0 for GRI-Mech 3.0 

mechanism in agreement with the experiment.  
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Figure 4-29 Modelled peak CO2
* chemiluminescent intensity in premixed methane – air 

counterflow flames with equivalence ratios 0.6 - 1.3 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism. 

Since large quantitative differences were found between the three mechanisms 

for the modelled OH* and CH(A) chemiluminescent intensities, large differences 

between the three OH*/CH(A) chemiluminescent intensity ratios are expected. 

The modelled OH*/CH(A), shown in Figure 4-30, from the USC-Mech mechanism 

increased in lean flames and reached a maximum for stoichiometric flames and 

then decreased for rich flames. The magnitude of the ratio from the USC-Mech 

V2 mechanism was about half that from the GRI-Mech 3.0 mechanism. 

Moreover, the UCSD-Mech based mechanism exhibited a monotonic increase 

from ER = 0.6 to ER = 1.2, which is opposite to the calculated results from the 

GRI-Mech 3.0 mechanism and the experimental results. The magnitude of the 

ratio from the UCSD-Mech mechanism was only about 20% of the calculated 

values from the GRI-Mech 3.0 mechanism and the experimental results.  
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As discussed before, the magnitude of OH*/CH(A) is determined by the absolute 

value of OH* and CH(A), while the trend of the ratio OH*/CH(A) is governed by 

the gradient of the individual chemiluminescence intensities with ER. Therefore, 

in order to examine the gradient of the OH* and CH(A) chemiluminescent 

intensities with ER, the results of Figure 4-26 and Figure 4-27 were normalized 

and plotted in Figure 4-31.  

 

Figure 4-30 Modelled peak OH*/CH(A) chemiluminescent intensity ratio in premixed methane 
– air counterflow flames with equivalence ratios 0.6 - 1.3 and strain rates 80 – 400 s-1. Solid 
line: GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism. 

Figure 4-31 shows the variation of the normalized peak OH* (left) and CH(A) 

(right) chemiluminescent intensities with ER. The computed OH* and CH(A) 

intensities from the USC-Mech V2 + chemiluminescence sub-mechanism 

showed similar gradient for intermediate equivalence ratios. Therefore, the 

OH*/CH(A) chemiluminescent intensity ratio remains constant in this 
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equivalence ratio range. For the UCSD-Mech mechanism, the gradient of the 

OH*was higher than that of the CH(A) intensity and, therefore, the OH*/CH(A) 

chemiluminescent intensity ratio increased with equivalence ratio.  

Therefore, the results show that the main reaction mechanism for the fuel 

influenced significant the results of the chemiluminescence intensities and their 

ratio, which indicates that the precursors of the chemiluminescence sub-

mechanism were modified by the fuel main reaction mechanism. 

 

Figure 4-31 Modelled normalized peak OH* (left) and CH(A) (right) chemiluminescent 
intensities in premixed methane – air counterflow flames with equivalence ratios 0.6 - 1.3 and 
strain rates 80 – 400 s-1. Solid line: GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash 
line: USC-Mech V2 + chemiluminescence sub-mechanism, dot line: UCSD-Mech + 
chemiluminescence sub-mechanism. 

4.4.2 Fuel oxidation mechanism effect on calculated 

chemiluminescence characteristics for premixed propane – air flames 

Another purpose of changing the fuel oxidation mechanism is to use a 

mechanism with optimised propane oxidation process and examine its effect on 

chemiluminescence modelling. Therefore, modelling premixed propane – air 

counterflow flames was performed, which is presented in this section.  
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Figure 4-32 shows the peak heat release rate in premixed propane – air flames 

modelled by the GRI-Mech 3.0 + chemiluminescence sub-mechanism, USC-

Mech V2 + chemiluminescence sub-mechanism and UCSD-Mech + 

chemiluminescence sub-mechanism. A difference exists between the peak HRR 

modelled by GRI-Mech 3.0 + chemiluminescence sub-mechanism, which was 

about 1.3 times the magnitude of the modelled peak HRR obtained from the 

other two mechanisms. Another difference is the predicted range of the flame 

operating conditions. The GRI-Mech 3.0 mechanism predicted that premixed 

propane-air flames could operate as lean as ER = 0.6, while they reached their 

rich extinction limit at ER = 1.3. However, flames modelled by UCSD-Mech 

mechanism had lean extinction limit at ER = 0.7 and rich extinction limit at ER = 

1.4 for all strain rates. The USC-Mech V2 mechanism predicted that the flames 

exhibited the same operation range as the UCSD-Mech mechanism, except that 

flames exposed at strain rate of 80 s-1 could operate at ER = 0.6. The modelled 

peak HRR occurred at ER = 1.1 for all three mechanisms. It is noted that the 

experimental results of Chapter 3 indicate lean and rich limits of the premixed 

propane-air counterflow flames are 0.7 and 1.4 respectively. These limits are 

both predicted from the UCSC-Mech and USC-Mech V2 mechanisms. 
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Figure 4-32 Modelled peak heat release rate in premixed propane – air counterflow flames 
with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. Solid line: GRI-Mech 3.0 + 
chemiluminescence sub-mechanism, dash line: USC-Mech V2 + chemiluminescence sub-
mechanism, dot line: UCSD-Mech + chemiluminescence sub-mechanism.  

Figure 4-33 presents the modelled peak OH* chemiluminescent intensity 

modelled by the three mechanisms when combined with the current 

chemiluminescence sub-model. The modelled OH* chemiluminescent intensity 

from the GRI-Mech 3.0 + chemiluminescence sub-mechanism and the USC-

Mech V2 + chemiluminescence sub-mechanism did not exhibit significant 

differences at the magnitude. The main difference between the two 

mechanisms is that the maximum OH* occurred at ER = 1.2 for the GRI-Mech 3.0 

mechanism and at ER = 1.1 for the USC-Mech V2. The OH* chemiluminescent 

intensity modelled by the UCSD-Mech mechanism qualitatively agreed with the 

USC-Mech V2, but the OH* magnitude was only 20% of that predicted by the 

USC-Mech V2 mechanism.  
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Figure 4-33 Modelled peak OH* chemiluminescent intensity in premixed propane – air 
counterflow flames with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

The modelled CH(A) chemiluminescent intensity, presented in Figure 4-34, 

followed similar trends with equivalence ratio for all mechanisms. The maximum 

CH(A) intensity occurred at ER = 1.0 for the USC-Mech V2 and UCSD-Mech 

mechanisms, while it occurred at ER = 1.1 for the GRI-Mech 3.0. Therefore, in 

comparison with the experimental results of Chapter 3, the GRI-Mech 3.0 

mechanism predicted better the equivalence ratio for which the maximum CH(A) 

occurs. The magnitude of the CH(A) chemiluminescent intensity calculated by 

the GRI-Mech 3.0 mechanism was 30% and 40% lower than the values from the 

UCSD-Mech 3.0 and USC-Mech V2 mechanisms respectively.  
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Figure 4-34 Modelled peak CH(A) chemiluminescent intensity in premixed propane – air 
counterflow flames with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

The modelled peak C2
* chemiluminescent intensity in premixed propane – air 

counterflow flames is presented in Figure 4-35 for different equivalence ratios 

and flame strain rates. The magnitude of the C2
* chemiluminescent intensity 

calculated by the USC-Mech V2 + chemiluminescence sub-mechanism and 

UCSD-Mech + chemiluminescence sub-mechanism was much lower than that 

from the GRI-Mech 3.0 mechanism. The modelled C2
* chemiluminescent 

intensity by the GRI-Mech 3.0 mechanism was shown to be underestimated 

relative to the experimental results. Therefore, the C2
* chemiluminescent 

intensity results from the other two mechanisms are worse than those from the 

GRI-Mech 3.0 mechanism.  
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Figure 4-35 Modelled peak C2
* chemiluminescent intensity in premixed propane – air 

counterflow flames with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

The calculated CO2
* chemiluminescent intensity is presented in Figure 4-36 and 

all three mechanisms exhibit similar variation with equivalence ratio for all flame 

strain rates. However, the results from the USC-Mech V2 + chemiluminescence 

sub-mechanism and the UCSD-Mech + chemiluminescence sub-mechanism 

exhibited a maximum at ER = 0.9, which is not consistent with the GRI-Mech 3.0 

mechanism and the experimental data. The magnitude of the CO2
* 

chemiluminescent intensities calculated from the USC-Mech V2 + 

chemiluminescence sub-mechanism and UCSD-Mech + chemiluminescence sub-

mechanism were about 25% lower than that from the GRI-Mech 3.0 mechanism.  
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Figure 4-36 Modelled peak CO2
* chemiluminescent intensity in premixed propane – air 

counterflow flames with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. Solid line: 
GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

Since the two C1-C3 chemical mechanisms did not perform better in predicting 

OH* and CH(A) chemiluminescent intensities, there is also no improvement in 

the prediction of the OH*/CH(A) chemiluminescent intensity ratio, as shown in 

Figure 4-37. The OH*/CH(A) results from the three different mechanisms showed 

monotonic increase with equivalence rate, which do not agree with the 

experimental results. The magnitude of the computed OH*/CH(A) from the GRI-

Mech 3.0 + chemiluminescence sub-mechanism was shown to underpredict the 

experimental results. However, the computed magnitudes from the other two 

mechanisms were even lower than the results from the GRI-Mech 3.0 

mechanism, which confirms that there is no improvement with the other 

mechanisms.  
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Figure 4-37 Modelled peak OH*/CH(A) chemiluminescent intensity ratio in premixed propane 
– air counterflow flames with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. Solid 
line: GRI-Mech 3.0 + chemiluminescence sub-mechanism, dash line: USC-Mech V2 + 
chemiluminescence sub-mechanism, dot line: UCSD-Mech + chemiluminescence sub-
mechanism.  

In summary, the USC-Mech V2 and UCSD-Mech fuel reaction mechanisms show 

fair compatibility with the developed chemiluminescence sub-mechanism in 

premixed methane – air flames. Although the USC-Mech V2 and UCSD-Mech are 

two specially developed C1-C3 fuel oxidation mechanisms, they did not exhibit 

better performance in predicting chemiluminescence for premixed propane – 

air flames.  

4.5 Modelled OH*/CH(A) chemiluminescent intensity ratio for 

premixed flames of air and methane – propane fuel blends 

Although the GRI-Mech 3.0 mechanism is not perfectly compatible for modelling 

propane-air flames, it can predict natural gas flames, which contain a certain 
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level of propane fuel. Therefore, it is good to assess the amount of propane in a 

blend with methane that the GRI-Mech 3.0 + chemiluminescence sub-

mechanism is able to handle. Section 4.3has shown that the GRI-Mech 3.0 + 

chemiluminescence sub-mechanism can provide a satisfactory prediction on 

OH*, CH(A), C2
* and CO2

* chemiluminescent intensity. However, it did not 

perform well in predicting the OH*/CH(A) chemiluminescent intensity ratio, 

which is most useful for monitoring equivalence ratio of flames. Therefore, the 

chemiluminescent intensity ratio only is considered here to simplify the 

assessment. 

Previous results have shown that the USC-Mech V2 and UCSD-Mech fuel 

reaction mechanisms do not perform well with the current chemiluminescence 

sub-mechanism in reproducing the experimental results for OH*/CH(A) 

chemiluminescent intensity ratio for both methane and propane fuelled flames. 

Although modelling of premixed flames with air and methane – propane fuel 

blends was performed with these two mechanisms, the results cannot provide 

any more useful discussion than the results from the GRI-Mech 3.0 + 

chemiluminescence sub-mechanism. Therefore, they are not presented here.  

Figure 4-38 presents the modelled OH*/CH(A) chemiluminescent intensity ratio 

for premixed flames with air and methane - propane fuel blends with 

equivalence ratio and different strain rates from the GRI-Mech 3.0 + 

chemiluminescence sub-mechanism. Apart of the results for the premixed pure 

methane-air flames, none of the modelled OH*/CH(A) chemiluminescent 

intensity ratio agreed with the experimental results of the previous chapter. 

Although the modelled OH*/CH(A) for methane-air flames achieved very good 

agreement with the measurements, the substitution of methane by only 5% of 

propane to form a fuel blend can significantly change the magnitude and the 
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trend of the modelled OH*/CH(A). Therefore, the current model (GRI-Mech 3.0 

+ chemiluminescence sub-mechanism) cannot be used for predicting OH*/CH(A) 

chemiluminescent intensity ratio for premixed flames of air and methane and 

propane fuel blends.  

 

Figure 4-38 Modelled peak OH*/CH(A) chemiluminescent intensity ratio in premixed 
counterflow flames with equivalence ratios 0.6 - 1.4 and strain rates 80 – 400 s-1. The flames 
are fuelled by CH4 (solid line), 5% C3H8 + 95% CH4 (dash line), 10% C3H8 + 90% CH4 (dot line), 
15% C3H8 + 85% CH4 (dash dot line), 20% C3H8 + 80% CH4 (solid square) and C3H8 (solid triangle).  

4.6 Analysis of the Reaction Kinetics 

Sections 3.2through to 3.4have comprehensively evaluated the performance of 

the current chemiluminescence sub-mechanism. The current mechanism 

performed well in methane-air premixed flames, but not satisfactorily for 

modelling chemiluminescence in propane-air flames. Therefore, further analysis 
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of the reaction kinetics is required to further understand the mechanism and 

provide interpretation of the numerical and experimental results. Therefore, the 

analyses of the reaction pathway, rate of production and sensitivity were 

performed to provide further chemical insight on the chemiluminescence 

formation and the relationship between chemiluminescence and fuel oxidation 

process. All the discussions in this section are only addressing the position of the 

peak HRR in a flame.  

4.6.1 Reaction pathway analysis 

Premixed methane-air flame 

It is well known that the reaction pathway for methane is different for high 

temperature and low temperature oxidation [114]. Therefore, the 

stoichiometric flame is selected as an example for the high temperature reaction. 

Moreover, lean (ER = 0.6) and rich (ER = 1.2) flames are employed to analyse the 

low temperature reaction path and examine the difference between lean and 

rich flames.  

Figure 4-39 presents a schematic of the reaction pathway for methane 

combustion at ER = 1.0. The main fuel oxidation pathway is 

CH4->CH3->CH2O->HCO->CO->CO2, which is highlighted by red in Figure 4-39. 

The reaction heat is mainly released in the CH2O->HCO->CO reaction process. 

The formation pathway for C2
* and OH* chemiluminescence occurred in the 

secondary pathway from CH3 to CH2O. CH(A) chemiluminescence was formatted 

in a minor pathway of CH3 conversion to CO through higher hydrocarbon 

reaction. Therefore, it can be seen from the reaction pathway that the C2
* and 

OH* showed a kind of link with the flame heat release rate, while the CH(A) was 

isolated from the main heat release process.  
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However, for lean and rich flames, which have lower flame temperature, the 

combination process of CH3 to form C2H6 becomes more important than the 

reaction path for high temperature. These higher hydrocarbons decomposed to 

CO and CH2, which is independent from the CH2O->HCO->CO reaction process, 

as shown in Figure 4-40.  

 

Figure 4-39 A high temperature reaction pathway diagram for combustion of premixed 
methane-air and chemiluminescence formation in a counterflow burner at ER = 1.0, strain rate 
= 160 s-1. Calculation was based on the GRI-Mech 3.0 + chemiluminescence sub-mechanism.  
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Figure 4-40 A low temperature reaction pathway diagram for combustion of premixed 
methane-air and chemiluminescence formation in a counterflow burner at ER = 0.6, strain rate 
= 160 s-1. Calculation was based on the GRI-Mech 3.0 + chemiluminescence sub-mechanism.  

Premixed propane-air flame 

For propane-air flames, the considered flames were all for the same equivalence 

ratio and flame strain rate. Since the low temperature propane oxidation occurs 

below 1000 K [200], the reaction pathway for propane-air flames with different 

equivalence ratio remains the same, in agreement with current observations.  

The identified reaction pathway for propane oxidation by using GRI-Mech 3.0 + 

chemiluminescence sub-mechanism is shown in Figure 4-41. The main fuel 

oxidation path was similar to the methane one, which is based on 

CH3->CH2O->HCO->CO->CO2. The main difference is the source of CH3. Since GRI-

Mech 3.0 does not includes the path of C3H8->CH4, the only pathway for CH3 

formation is C3H8-> C3H7-> (C2H4->) CH3. Therefore, the CH(A) reaction pathway 

in propane flames, in comparison to methane flames, is linked with the CH3 

formation and further linked to the heat release process. This link provides an 
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explanation to the close relationship between HRR and CH(A) in propane-air 

premixed flames that was shown in Figure 4-20 (b).  

 

Figure 4-41 A reaction pathway diagram for combustion of premixed propane-air and 
chemiluminescence formation in a counterflow burner at ER = 0.6, strain rate = 160 s-1. 
Calculation was based on the GRI-Mech 3.0 + chemiluminescence sub-mechanism.  

4.6.2 Rate of production analysis for chemiluminescence species 

Although the main fuel oxidation pathway is different for premixed air and 

propane and methane combustion, the formation pathways for excited species 

are the same. Therefore, no significant difference was found in the rate of 

production (ROP) results of excited species between these two types of flames. 

Therefore, the detailed discussion on ROP analysis was only performed in 

methane-air premixed flames.  

Figure 4-42 shows the absolute ROP of OH* for lean, stoichiometric and rich 

flames. No significant difference was found between these cases. Since the 

analysis is performed at the peak HRR position, the main formation path is found 
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to be R2, which is in agreement with shock-tube experiments in the literature 

[21, 81, 84]. The main quenching process of OH* is the collision with water (R5). 

ROP of the radiative quenching process (R3) is negligible, which means that the 

OH* chemiluminescent intensity can be derived by OH* concentration or mole 

fraction, as demonstrated by [52, 53, 100, 113].  

 

Figure 4-42 Rate of production of OH* for premixed methane-air flames at (a) ER = 0.6, (b) ER 
= 1.0, (c) ER = 1.2, strain rate = 160 s-1. 

Four formation reactions, namely R14 to R17, were proposed in the 

chemiluminescence sub-mechanism. However, only R14 is important for the 

CH(A) formation, as shown in Figure 4-43. Therefore, reactions R15-R17 can be 

removed to simplify the reaction mechanism without introducing much 

underestimation. Collisions with N2 and H2 were the main pathway of CH(A) 

quenching. Similar to OH*, the radiative quenching process is not important for 

the CH(A) quenching.  
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Figure 4-43 Rate of production for CH(A) for premixed methane-air flames at (a) ER = 0.6, (b) 
ER = 1.0, (c) ER = 1.2, strain rate = 160 s-1. 

Since the C2
* is negligible at ER = 0.6, Figure 4-44 only shows the C2

* ROP in 

stoichiometric and rich flames. It can be seen that the C2
* formation was mainly 

contributed from R44. The ROP of R45 was even lower than the collisional 

quenching reactions. Since high thermal non-equilibrium was observed in the 

experiments of Chapter 3, the contribution of R45 should not be negligible. 

Section 3.2and 4.3 showed that the modelled C2
* chemiluminescent intensity 

was underpredicted by the current mechanism. Therefore, we can conclude that 

the reaction rate constant of R45 that was employed in the current mechanism 

is highly underestimated. Another interesting finding is that the ROP of the 

radiative quenching process is comparable to the collisional quenching process, 

which means that the collisional process is not efficient enough to remove the 

high extra vibration energy from the freshly formatted C2
* molecule. This finding 

is consistent with the experimental observations of the previous chapter and 

provides further explanation for the measured thermal non-equilibrium spectra.  
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Figure 4-44 Rate of production for C2
* for premixed methane-air flames at (a) ER = 1.0, (b) ER 

= 1.2, strain rate = 160 s-1. 

4.6.3 Sensitivity analysis for chemiluminescence species 

Reaction sensitivity analysis for the excited chemiluminescent species in the 

present modelling approach was also performed. The sensitivity analysis can 

provide the relationship between the excited species and the chemical reactions. 

It is important to identify the governing reaction of the excited species. The 

sensitivity analysis is only presented for the methane-air premixed flames, since 

the results for methane and propane flames are generally the same.  

Figure 4-45 shows the reaction sensitivity of OH* for different equivalence ratios. 

OH* showed similar sensitivity levels for several reactions in lean flames. The 

main formation reaction of OH* (R2) was the reaction that most significantly 

influenced the detected OH*. The collisional quenching reaction R5 showed high 

ROP, which is very important for OH* decomposition. Other important reactions 

are from the fuel oxidation mechanism. For stoichiometric and rich flames, the 

OH* did not show a strong sensitivity on its formation reaction R2 and quenching 

reaction R5. The OH* was mainly sensitive to reaction H + O2 = O + OH. Since the 

reaction rate constant of this reaction in UCSD-Mech is lower than in GRI-Mech 

3.0, the UCSD-Mech mechanism generally underpredicted OH* intensity. It also 

suggested that the OH* modelled by the chemiluminescence sub-mechanism 
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does not dependent on the fuel oxidation mechanism, while the results showed 

that it is strongly related to the selected fuel oxidation mechanism.  

 

Figure 4-45 Reaction sensitivity for OH* for premixed methane-air flames at (a) ER = 0.6, (b) 
ER = 1.0, (c) ER = 1.2, strain rate = 160 s-1. 

CH(A) of lean flames also demonstrated the highest sensitivity on its main 

formation reaction (R14), as shown in Figure 4-46. This high sensitivity on its 

formation reaction disappeared in stoichiometric and rich flames, as found in 

the OH* sensitivity analysis. The CH(A) was also sensitive to the fuel oxidation 

mechanism. Moreover, the reaction which has the highest species sensitivity 

was also the reaction H + O2 = O + OH for positive sensitivity and reaction H + 

CH3 + M = CH4 + M for negative sensitivity. This is consistent with the findings 

from the sensitivity analysis of OH*.  
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Figure 4-46 Reaction sensitivity for CH(A) for premixed methane-air flames at (a) ER = 0.6, (b) 
ER = 1.0, (c) ER = 1.2, strain rate = 160 s-1. 

Figure 4-47 presents the reaction sensitivity of C2
* and similar results were found 

in the sensitivity analysis as before, namely C2
* is mainly sensitive to reactions H 

+ O2 = O + OH and H + CH3 + M = CH4 + M.  

 

Figure 4-47 Reaction sensitivity for C2
* for premixed methane-air flames at (a) ER = 1.0, (b) ER 

= 1.2, strain rate = 160 s-1. 

From the sensitivity analysis, we found that all the chemiluminescence species 

are sensitive to the two reactions H + O2 = O + OH and H + CH3 + M = CH4 + M. 

The H + O2 = O + OH reaction is also the main path of H radical consumption and 

OH radical formation. OH radical is the main component of CH2O->HCO, 

HCO->CO and CO->CO2. The H + O2 = O + OH reaction also exhibited high 

sensitivity in the sensitivity analysis of CH2O, HCO and CO, which is not shown 

here. Therefore, the link between chemiluminescence and reaction intensity or 
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HRR is demonstrated. Chemiluminescence is an indicator of OH radical 

formation and OH radical is further the most important attacker of the 

CH2O->HCO->CO->CO2 process, which is the main HRR process. Available 

literature [11, 33] only examined the inferred chemiluminescence species 

formation pathway from the fuel oxidation mechanism due to the limitation of 

understanding in the detailed chemiluminescence mechanism.  

Although chemiluminescence has been used numerous times as HRR indicator 

experimentally for different burner geometry and fuels, the numerical 

evaluation of the relationship between HRR and chemiluminescence has been 

limited in finding correlations between HRR and chemiluminescence, as 

demonstrated in 4.2.2 and 4.2.3  or in the literature [20, 25, 30], without 

providing further chemical insight. Therefore, different studies with numerical 

modelling concluded different levels of ability of using chemiluminescence to 

measure HRR. For example, [20, 21, 99] and the present modelling suggest that 

the chemiluminescence is a good HRR indicator. This is due to the modelling 

being conducted in stable flames. Reaction H + O2 = O + OH is the bridge between 

HRR and chemiluminescence. However, when the flame is highly turbulent [33], 

or driven by unstable flow velocity [172], or with a mixture gradient [25, 33] 

(diffusion or partially premixed flames), the location/ time of 

chemiluminescence formation can be separated from the location/ time of 

CH2O->HCO->CO->CO2 reaction process. Therefore, the literature tends to 

conclude that chemiluminescence is a good integral HRR marker, but not a good 

local HRR marker. Although the previous numerical and experimental research 

provided the correlation between HRR and chemiluminescence, the present 

study provides, for the first time, a causation analysis between HRR and 

chemiluminescence. The contradictory views of the literature on the ability of 

chemiluminescence to indicate HRR are harmonized by this causation analysis.  
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Although dilution and H2 enrichment effects were not examined in the current 

numerical study, the findings of the sensitivity analysis can predict these effects 

and explain the experimental observations in the literature and in the previous 

chapter. Guiberti et al. [65] reported that the addition of CO2 showed stronger 

effect than N2 in reducing chemiluminescent intensity. This is caused by the 

competition of CO2 for H radicals through the CO + OH = CO2 + H reaction with 

the reaction H + O2 = O + OH. In addition, H2 substitution of CH4 in fuel blends, 

on one hand, promoted the reaction H + O2 = O + OH and, on the other hand, 

reduced the total amount of H atoms. Therefore, an intermediate level of H2 

substitution can increase OH*, CH(A), CO2
* and C2

* chemiluminescent intensities, 

as reported in the literature [23] and the current study (Chapter 3).  

4.7 Conclusions 

4.7.1 Premixed methane-air flames (Section 4.2) 

➢ The chemiluminescence sub-mechanism slightly changed the flame 

structure and improved the prediction of the flame speed. 

➢ Extra difficulty in converging the Newton iteration of the numerical 

solution is brought by low mole fraction of excited species precursors and 

excited species, as well as short distance between HRR and 

chemiluminescence peaks.  

➢ The modelled peak-to-peak distances between the emitted intensity of 

different chemiluminescence species and the thicknesses of the spatial 

distribution of the emitted chemiluminescent intensity agree well with 

experiments in the literature.  

➢ The predicted normalized chemiluminescent intensities of OH*, CH(A), C2
* 

and CO2
* agree well with corresponding measurements. 
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➢ The modelled OH*/CH(A) chemiluminescent intensity ratio agrees well with 

corresponding measurements. Modelled C2
*/OH* and C2

*/CH(A) 

chemiluminescent intensity ratios suggest that the current chemical 

mechanism underestimates the quantity of C2
*. Modelled CO2

*/OH* and 

CO2
*/CH(A) chemiluminescent intensity ratios do not agree with 

corresponding measurements, which suggest that the CO2
* chemistry 

requires further improvement.  

➢ Modelling results of OH* and CH(A) show good correlation with the heat 

release rate of flames.  

➢ Modelling results of OH*/CH(A) show good correlation with the 

equivalence ratio of flames.  

4.7.2 Premixed propane-air flames (Section 4.3) 

➢ The modelled normalized chemiluminescent intensities of OH*, CH(A), C2
* 

and CO2
* agree well with the corresponding measurements in propane-air 

premixed flames. Modelled CH(A) chemiluminescent intensity shows 

excellent correlation with modelled heat release rate.  

➢ The current chemiluminescence model cannot reproduce the measured 

OH*/CH(A), CO2
*/OH* and CO2

*/CH(A) chemiluminescent intensity ratios for 

propane-air premixed flames.  

➢ The modelled C2
*/OH* and C2

*/CH(A) agree fairly well with the 

corresponding measurements in propane-air premixed flames, but the 

quantity of C2
* is underpredicted.  
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4.7.3 Fuel oxidation mechanism effect (Section 4.4) 

➢ The combinations of USC-Mech V2 + chemiluminescence sub-mechanism 

and UCSD-Mech + chemiluminescence sub-mechanism do not perform as 

well as the GRI-Mech 3.0 + chemiluminescence sub-mechanism.  

➢ For premixed methane-air flames, comparison between calculated OH* and 

CH(A) chemiluminescent intensities by GRI-Mech 3.0 + chemiluminescence 

sub-mechanism and USC-Mech V2 + chemiluminescence sub-mechanism 

showed that the latter overpredicted the intensities. UCSD-Mech + 

chemiluminescence sub-mechanism overpredicted the OH* 

chemiluminescent intensity, while it underestimated the CH(A) and C2
* 

chemiluminescent intensities. Both USC-Mech V2 + chemiluminescence 

sub-mechanism and UCSD-Mech + chemiluminescence sub-mechanism 

cannot reproduce the experimental results of the OH*/CH(A) 

chemiluminescent intensity ratios. 

➢ For premixed propane-air flames, in comparison to results from GRI-Mech 

3.0 + chemiluminescence sub-mechanism, both the USC-Mech V2 + 

chemiluminescence sub-mechanism and UCSD-Mech + 

chemiluminescence sub-mechanism overpredicted the CH(A) and 

underestimated the C2
* chemiluminescent intensity. The UCSD-Mech + 

chemiluminescence sub-mechanism also underestimated the OH* 

chemiluminescent intensity.  

➢ Change of the fuel oxidation mechanism does not improve the prediction 

of OH*/CH(A) chemiluminescent intensity ratio for premixed propane-air 

flames.  
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4.7.4 Premixed flames of air and methane – propane fuel blends (Section 

4.5) 

➢ The magnitude of the predicted OH*/CH(A) chemiluminescent intensity 

ratio decreased with increase of propane level in methane-propane fuel 

blends. 

➢ The current GRI-Mech 3.0 + chemiluminescence sub-mechanism cannot 

reproduce the experimental OH*/CH(A) chemiluminescent intensity ratio 

for 5% substitution of methane with propane in a fuel blend, despite its 

ability to predict successfully this quantity for pure methane-air flames.  

4.7.5 Analysis of the reaction kinetics (Section 4.6) 

➢ The formation of OH*, CH(A), C2
* and CO2

* is not in the main heat release 

pathway of methane and propane combustion.  

➢ Rate of production analysis shows that the OH*, CH(A) and C2
* are mainly 

formatted through reactions R2, R14 and R44 respectively.  

➢ Rate of production analysis can interpret the measured thermal non-

equilibrium spectra of C2
* 

➢ Rate of production analysis, modelled C2
* chemiluminescent intensity and 

spectra measurements suggest that the reaction rate constant of R45 is 

highly underestimated.  

➢ The sensitivity analysis reveals that the origin of the correlation between 

HRR and chemiluminescence. It is caused by the fact that the 

chemiluminescent formation and the heat release process are both highly 

sensitive to reaction H + O2 = O + OH. This is the first time to clarify the 

origin of the correlation between heat release rate and chemiluminescence. 
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This clarification can also explain previous contradictory conclusions in the 

literature on the ability of chemiluminescence to indicate heat release rate.  

➢ The sensitivity analysis can provide appropriate explanation for observed 

experimental results of the CO2 and N2 dilution effects on the 

chemiluminescent intensity, as well as the corresponding effect of H2 

addition to methane fuel on chemiluminescence.  
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Chapter 5 A New Detailed CO2(1B2) Chemiluminescence 

Chemical Kinetics Model for Carbon Monoxide and 

Hydrocarbon Flames 

5.1 Introduction  

Chemiluminescence has been widely studied as a simple and nonintrusive 

optical instrument for harsh applications where laser methods may be more 

difficult to apply [20, 54, 92, 113, 196]. Chemiluminescent intensities from, and 

the intensity ratios between, OH(A2Σ+-Χ2Π), CH(A2∆-Χ2Π), C2(d3Π-a3Π), and 

CO2(A1B2- X1Σ+
g) have been empirically used to monitor the heat release rate and 

equivalence ratio [37, 55, 101]. Instruments based on chemiluminescence could 

benefit from a detailed kinetic mechanism to guide quantitative interpretation. 

The chemistry of prominent narrowband chemiluminescence, including OH(A) 

[75, 78, 92] at 309nm, CH(A) [78, 92] at 431nm and C2(d) [21, 103] at 516nm, 

have been extensively studied. In carbon monoxide and hydrocarbon flames [3, 

30, 101, 109, 110, 201], the chemiluminescence of CO2(1B2) is widely believed to 

be the main source of the broadband emission from 220nm to 700nm. This 

emission also contributes to the measured OH(A) and CH(A) intensities [101, 113] 

for methane flames. In ultra-lean combustors, as well as in inert gas diluted, 

hydrogen enriched methane and syngas flames, CO2(1B2) is the main emitter of 

flame chemiluminescence and has been used to monitor equivalence ratio (ER) 

[55, 58], dilution level [65] and heat release rate [19]. Thus, understanding of 

CO2(1B2) chemiluminescence may be useful for instrumentation development 

and accurate evaluation of OH(A), CH(A) and C2(d) chemical kinetic mechanisms. 
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However, the chemistry of its formation, radiative quenching and collisional 

quenching is still debated. The detailed chemistry, proposed first by Kaskan 

[201], in CO+H2 flames, includes three steps: CO + O + M = CO2(1B2) + M (R 5-27), 

CO2(1B2) + M = CO2 + M (R 5-16-R 5-26), and CO2(1B2) → CO2 + hν (R 5-4). Because 

direct formation of CO2(1B2) from CO + O is spin forbidden, a spin reversal 

process between CO2(3B2) and CO2(1B2) should be included in the chemistry 

model. Therefore, the mechanism for CO2(1B2) chemiluminescence in CO based 

flames was extended to include the reaction for CO2(3B2) formation and 

intersystem crossing reaction between CO2(1B2) and CO2(3B2). This scheme was 

suggested by Clyne and Thrush [106] and represented by: CO + O + M = CO2(3B2) 

+ M (R 5-1), CO2(3B2) → CO2(1B2) (R 5-2), CO2(1B2) → CO2 + hν (R 5-4), CO2(3B2) + 

M = CO2 + M (R 5-5-R 5-15), and CO2(1B2) + M = CO2 + M (R 5-16-R 5-26). 

Because it is hard to isolate every reaction rate in these two detailed chemical 

schemes, most available literature tends to use a global mechanism for CO2(1B2) 

chemiluminescence: CO + O = CO2 + hν (R 5-28). The CO2(1B2) chemiluminescent 

intensity can be calculated by ICL = k28 × [CO][O], where ICL is the CO2(1B2) 

chemiluminescent intensity, k40 is the rate constant of (R 5-27), and [CO] as well 

as [O] are the concentrations of CO and O respectively. A comprehensive review 

of k28 can be found in [202]. All the available reaction rates for the overall CO2(1B2) 

chemiluminescence mechanism were calibrated in CO based mixture flames, 

leading to good agreement with experiments in CO flames. However, two recent 

shock tube measurements showed that the CO2(1B2) global mechanism for 

chemiluminescence is not able to represent the CO2(1B2) chemiluminescence 

time history in methane [151] and ethylene [110] mixtures.  

Recently, Petersen et al. [108] have proposed a detailed CO2(1B2) 

chemiluminescence mechanism based on the first CO-O reaction scheme (R 5-
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27, R 5-16-26 and R 5-4) (note as PG1) and further improved the reaction rate of 

R 5-27 in 2015 [109] (note as PG2). The finalized reaction mechanism also 

included a HCO + O = CO2(1B2) + H reaction as the CO2(1B2) generation path in 

hydrocarbon flames. This PG2 mechanism has shown good agreement with 

shock tube experiments in CO flames [109]. Although PG2 has demonstrated 

much better predictions for CH4-O2-Ar mixtures than all previous models, the 

data predicted by this mechanism agree only fairly with their shock tube 

experiment for CH4 flames [109]. Guiberti et al. [65] showed that the PG1 

CO2(1B2) chemiluminescence mechanism [108] in laminar premixed conical 

CH4/air and CO2 or N2 diluted flames was not even comparable to the overall 

mechanism for predicting the CO2(1B2) chemiluminescence profile and CO2(1B2) 

chemiluminescent intensity. We also obtained unsatisfactory results with the 

PG2 mechanism for the CO2(1B2)/OH* chemiluminescent intensity ratios from 

measurements in premixed methane flames [110].  

Recent CO2(1B2) chemiluminescence measurements in a shock tube [110] 

showed that the time history of CO2(1B2) chemiluminescence is closely 

contemporaneous with OH* chemiluminescence. . Moreover, [19, 113] and our 

unpublished data have shown that the CO2(1B2)/OH* chemiluminescent intensity 

ratio varies only slightly with equivalence ratio. These phenomena suggest that 

the CH + O2 reaction, which is also the main path of OH* generation in 

hydrocarbon flames, dominates CO2(1B2) generation at the flame front In 

addition, recent computational chemistry and CO2 laser induced fluorescence 

results have provided more information about CO2(1B2) and CO2(3B2) potential 

energy [104, 107] and quantum yield [203]. These results suggest that the 

second CO2(1B2) chemiluminescence reaction mechanism scheme (R 5-1, R 5-2 

and R 5-4-R 5-26) is closer to the chemistry of CO flames.  
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Since there is no available detailed CO2(1B2) chemiluminescence reaction 

mechanism based on the second scheme and recent observations of the excited 

CO2 molecule provided new physical insight, the purpose of the present study is 

to assemble a detailed CO2(1B2) chemiluminescence reaction mechanism based 

on the second scheme, which includes the CH + O2 reaction (R 5-3) as the main 

CO2(1B2) formation path for hydrocarbon flames. In the following sections, the 

experimental apparatus and chemical modelling are described. The predicted 

results are evaluated against our opposed jet flame measurements as well as 

data from the literature in CO, CH4 and C2H4 premixed flames. Comparisons with 

the PG2 mechanism are also presented. The paper ends with conclusions and 

suggestions for future work.  

5.2 Chemiluminescent Reaction Kinetics  

The base mechanism for fuel oxidation was GRI-Mech 3.0 [152], which has been 

widely used for evaluating chemiluminescence mechanisms [21, 78, 92, 103] for 

methane, ethylene and propane flames. An OH* chemiluminescence sub-

mechanism, [21], with updated reaction rate for CH + O2 = CO + OH* [78], was 

adopted as a tracer to anchor the CO2(1B2) chemiluminescent intensity. This sub-

mechanism, along with the GRI-Mech 3.0 mechanism, has been evaluated 

against experimental data in [101, 204]. The thermodynamic data for the sub-

mechanism was from the Goos–Burcat database [161].  

5.2.1 Thermodynamic data of CO2(1B2) and CO2(3B2). 

The thermodynamic data of each species include specific heat (𝑐𝑝
0), enthalpy (ℎ

0
), 

and entropy (𝑠0). In Chemkin’s OPPDIF code [149], these three properties are 

expressed in polynomial form. 
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Because the CO2(1B2) and CO2(X1Σ+
g) share the same atoms, it is safe to assume 

that the specific heat of CO2(1B2) is the same as that of its ground state CO2(X1Σ+
g). 

The mole entropy of CO2(1B2) is then the same value as CO2(X1Σ+
g) due to 𝑠0 =

∫
𝑐𝑝

0(𝑇)

𝑇

𝑇

0
𝑑𝑇. Based on these assumptions, the enthalpy (ℎ

0
) is the only unknown 

property. If we assume that the mean energy difference between CO2(1B2) and 

CO2(X1Σ+
g), denoted by ∆E , remains constant in the evaluated temperature 

range, the enthalpy of CO2(1B2) is calculated by ℎCO2(1B2) 
0 = ℎCO2(X1Σ+g)

0 + ∆E. 

A comprehensive review of the value of ∆E can be found in [107] and [104], 

which show that the range of ∆ECO2(1B2) is from 5.60 to 6.63 eV (220 to 190nm). 

Thus, by employing 5.60 eV as the ∆ECO2(1B2), a6=1.7068E+4 between 200 and 

1000K and 1.6414E+4 between 1000 and 6000K is calculated by Newton 

iterations. By using the same method, ∆ECO2(3B2) = 3.55 eV (350 nm) is employed 

from [104] to calculate a6 for CO2(3B2). The results are a6=-7.2374E+03 between 

200 to 1000K and between 7.8909E+03 for 1000 to 6000K.  

5.2.2 CO2(1B2) reaction kinetics in hydrocarbon flames 

The proposed reactions responsible for CO2(1B2) formation in hydrocarbon 

flames are O + CO + M = CO2(3B2) + M (R 5-1), CO2(3B2) -> CO2(1B2) (R 5-2) and CH 

+ O2 = CO2(1B2) + H (R 5-3), as shown in Table 5-1. The three-body recombination 

reaction (R 5-1) correspond to the CO2(3B2) formation through CO. The reaction 

rate was estimated from the reaction rate of R 5-1 in the PG2 mechanism [109]. 

The pre-exponential factor (A) was fitted based on CO2(1B2) chemiluminescence 

intensity time history profile for CH4 mixture from [151] and CO2(1B2)/OH* 

chemiluminescent ratios for CH4-air mixture. The active energy (Ea) is kept the 

same in R 5-1 as in [109] to preserve the CO2(1B2) temperature dependence for 

CO flames. The reaction rate of inter-system crossing reaction (R 5-2) is 
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estimated based on the very short fluorescence lifetime observation (no more 

than 5ns) from CO2 LIF measurement [203]. The main CO2(1B2) formation path in 

hydrocarbon flames, proposed by the current study, is R 5-3. Its reaction rate 

was determined by the CO2(1B2)/OH* chemiluminescent intensity ratio 

measurements of the current study, CO2(1B2) chemiluminescence intensity time 

history and CO2(1B2) dependence on temperature in shock tube measurements 

[151]. The radiative quenching from CO2(1B2) to CO2(X1Σ+
g) is described by R 5-4. 

Because the inter-system crossing is very effective, direct measurement of 

CO2(1B2) lifetime is not possible. Thus, the lifetime of NO2(2B1) [205] and CS2(1B2) 

was used to estimate CO2(1B2) [206] radiative quenching lifetime. Therefore, a 

25-40 μs lifetime for NO2(2B1) and 2-13 μs lifetime for CS2(1B2) were used to 

determine that the CO2(1B2) lifetime is of the order of 10 μs. The collisional 

quenching processes of CO2(3B2) and CO2(1B2) are presented by reaction R 5-5 to 

R 5-15 and R 5-16 to R 5-26 respectively. Their reaction rates were evaluated as 

0.01 of the gas-kinetic frequency factor proposed in the PG1 mechanism [151]. 

The 0.01 factor was selected based on the suggestion from [110, 203]. 

No Reaction A n Ea Note 

R 5-1 
O + CO + M = CO2(3B2) 

+ M 
1.0E+13 0 2390 this work, est. from [109] 

 H2/2.0/ H2O/12/ CO/1.75/ CO2/3.6/ Ar/0.7/ 

R 5-2 CO2(3B2) -> CO2(1B2) 2.0E+08 0 0 est. from [203, 207] 
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R 5-3 CH + O2 = CO2(1B2) + H 8.0E+10 0 0 this work 

R 5-4 CO2(1B2) -> CO2 + hν 1.0E+05 0 0 
est. from CS2[206] and 

NO2[205] 

R 5-5 
CO2(3B2) + Ar = CO2 + 

Ar 
8.4E+10 0.5 0 est. from [109] and [203] 

R 5-6 
CO2(3B2) + H2O = CO2 

+ H2O 
8.4E+10 0.5 0 est. from [109] and [203] 

R 5-7 
CO2(3B2) + CO2 = CO2 

+ CO2 
9.1E+10 0.5 0 est. from [109] and [203] 

R 5-8 
CO2(3B2) + CO = CO2 + 

CO 
9.7E+10 0.5 0 est. from [109] and [203] 

R 5-9 CO2(3B2) + H = CO2 + H 3.1E+11 0.5 0 est. from [109] and [203] 

R 5-

10 

CO2(3B2) + H2 = CO2 + 

H2 
2.7E+11 0.5 0 est. from [109] and [203] 

R 5-

11 

CO2(3B2) + O2 = CO2 + 

O2 
8.8E+10 0.5 0 est. from [109] and [203] 
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R 5-

12 

CO2(3B2) + O = CO2 + 

O 
9.8E+10 0.5 0 est. from [109] and [203] 

R 5-

13 

CO2(3B2) + OH = CO2 + 

OH 
9.9E+10 0.5 0 est. from [109] and [203] 

R 5-

14 

CO2(3B2) + CH4 = CO2 

+ CH4 
1.2E+11 0.5 0 est. from [109] and [203] 

R 5-

15 

CO2(3B2) + N2 = CO2 + 

N2 
1.0E+11 0.5 0 est. from [109] and [203] 

R 5-

16 

CO2(1B2) + Ar = CO2 + 

Ar 
8.4E+10 0.5 0 0.01 of [109] 

R 5-

17 

CO2(1B2) + H2O = CO2 

+ H2O 
8.4E+10 0.5 0 0.01 of [109] 

R 5-

18 

CO2(1B2) + CO2 = CO2 

+ CO2 
9.1E+10 0.5 0 0.01 of [109] 

R 5-

19 

CO2(1B2) + CO = CO2 + 

CO 
9.7E+10 0.5 0 0.01 of [109] 

R 5-

20 
CO2(1B2) + H = CO2 + H 3.1E+11 0.5 0 0.01 of [109] 
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R 5-

21 

CO2(1B2) + H2 = CO2 + 

H2 
2.7E+11 0.5 0 0.01 of [109] 

R 5-

22 

CO2(1B2) + O2 = CO2 + 

O2 
8.8E+10 0.5 0 0.01 of [109] 

R 5-

23 

CO2(1B2) + O = CO2 + 

O 
9.8E+10 0.5 0 0.01 of [109] 

R 5-

24 

CO2(1B2) + OH = CO2 + 

OH 
9.9E+10 0.5 0 0.01 of [109] 

R 5-

25 

CO2(1B2) + CH4 = CO2 

+ CH4 
1.2E+11 0.5 0 0.01 of [109] 

R 5-

26 

CO2(1B2) + N2 = CO2 + 

N2 
1.0E+11 0.5 0 0.01 of [109] 

Table 5-1 Reaction mechanism for CO2(1B2); the reaction rate is presented in k=ATnexp(-Ea /RT) 
with the units of A(cm3, mole, s), Ea (cal, mole). 

5.3 Results and Discussion 

5.3.1 CO2(1B2) Chemiluminescent Intensity Time Histories  

Selected time histories of CO2(1B2) chemiluminescent intensity for Mix 0 to Mix 

3 at low pressures are presented in Figure 5-1. Both PG2 and the proposed 

model agreed well with the experimental CO2(1B2) chemiluminescent intensity 

time history. For all cases, the PG2 mechanism slightly overpredicted the leading 
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edge and underpredicted the trailing edge by up to 30% (Figure 5-1 (a)). 

However, the new mechanism removes most of the under prediction of the 

trailing edge, which remains less than 5% relative to experimental data (Figure 

5-1 (a)). Since the observation time of the shock tube experiment was not long 

enough [109], the trailing edge intensity profile is a stricter criterion than the 

leading edge intensity when assessing the CO2(1B2) mechanism. This is because 

a slight under prediction of the trailing edge CO2(1B2) intensity for these time 

cases will lead to a very large disparity between experiment and prediction if the 

observation time is sufficiently long. Therefore, based on this criterion, the new 

model provided a much better prediction. 
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Figure 5-1 Normalized CO2(1B2) intensity profiles for H2-N2O-CO-Ar mixtures at low pressures, 
measured in a shock tube (black line), predicted by the new model (red dash line) and predicted 
by the PG2 model (grey dash dot line). 

To further examine the performance of the new CO2(1B2) chemiluminescence 

model for H2-N2O-CO-Ar mixtures, two elevated pressure tests for Mix 0 were 

performed, as shown in Figure 5-2. For the lower temperature case, shown in 

Figure 5-2 (a), the new and PG2 models over predicted the CO2(1B2) intensity at 

the leading and trailing edges. The peak intensity occurred at a slightly later time 

for the new model than for the PG1 model. Since the peak time of the 

experimental results is hard to detect, the comparison of the performance of 

the two models is ambiguous. However, for the higher temperature case, the 

deviation between PG2 prediction and experiment is more than 300% at 200 μs, 
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at the trailing edge CO2(1B2) intensity. The present model performed much 

better at the trailing edge and the difference between the new model’s 

prediction and experiment is only about 30% at 200 μs. Overall, the ability of the 

new mechanism to predict elevated pressure trends is much improved.  

 

Figure 5-2 Normalized CO2(1B2) intensity profiles for Mix 0 at elevated pressures, measured in 
a shock tube [109] (black line), predicted by the current model (red dash line) and predicted 
by the PG2 model (grey dash dot line). The predicted profile in (b) was shifted in time to align 
with the peak of measured profile.  

For the CH4-based mixture, low pressure and elevated pressure cases were 

utilized to assess the available CO2(1B2) models. As shown in Figure 5-3 (a), the 

agreement between low pressure experiment from [151] and the new CO2(1B2) 

model is quite promising. However, the PG2 model over predicted by a factor of 

two the CO2(1B2) in the tail region (after 400 μs region). For the elevated pressure 

case, both models performed similarly in tracing the CO2(1B2) time history: the 

models tend to predict thinner CO2(1B2) chemiluminescent intensity profiles 

than the experiment [151].  
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Figure 5-3 Normalized CO2(1B2) intensity profiles for CH4 mixture at low and elevated pressures, 
measured in a shock tube [151] (black line), predicted by the current model (red dash line) and 
predicted by the PG2 model (grey dash dot line). These two predicted profiles were shifted in 
time to align with the peak of measured profile.  

In higher hydrocarbon, C2 and C3, flames, CO2(1B2) is more prominent than in 

methane flames [30]. Thus, two shock tube experiments for C2H4-based mixture 

[110] were employed to examine the performance of CO2(1B2) models. The 

comparison between predictions and measurements shows that the agreement 

between new model and experiment is quite good whereas the PG2 model over 

predicted the CO2(1B2) in the tail regions and did not reproduce the peak shape 

for the low temperature case, as shown in Figure 5-4. This ability of the new 

mechanism to accurately predict the CO2(1B2) time history in C2H4-based 

mixtures encourages the selection of reaction R 5-1 as the main formation path 

in hydrocarbon flames.  



253 

 

 

Figure 5-4 Normalized CO2(1B2) intensity profiles for C2H4 mixture at low pressure, measured 
in a shock tube [110] (black line), predicted by the current model (red dash line) and predicted 
by the PG2 model (grey dash dot line). These two predicted profiles were shifted in time to 
align with the peak of measured profile.  

5.3.1 Temperature Dependence of Peak CO2(1B2) Chemiluminescent 

Intensity Magnitude.  

The temperature dependence of peak CO2(1B2) chemiluminescent intensity 

magnitude for five different H2-N2O-CO-Ar mixtures is shown in Figure 5-5. 

Although the Ea of the R 5-1 of the new model is the same as that of 

corresponding reaction of PG2, the new model slightly under predicted the peak 

CO2(1B2) chemiluminescent intensity for the low temperature and pressure 

cases. This under prediction is caused by the different CO2(1b2) enthalpy of the 

two mechanisms (∆E = 4.14 eV for PG2, as calculated by the a6 in the supplied 

material of [109]). Although the measured CO2(1B2) intensity profile for H2-N2O-

CO-Ar mixtures at low pressure showed a double hump shape rather than a 

sharp peak, as discussed in Figure 5-1, the authors suggest that an integrated 

CO2(1B2) intensity over a sufficient time could be a better criterion. As discussed 

earlier, the new model could better predict the trailing edge of the CO2(1B2) time 

history profile. Thus, better agreement can be expected for sufficient time 

integrated CO2(1B2) intensity cases. This conjecture can be tested in the elevated 

pressure cases. As shown in Figure 5-2, the CO2(1B2) time history profile showed 
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a prominent peak shape, which suggests that using the peak intensity is a fairer 

assessment criterion. Therefore, as shown in Figure 5-5 (f), the agreement 

between new and PG2 models and experiment is quite good.  

 

Figure 5-5 Normalized peak intensity for CO2(1B2) from experiments [109] compared with 
mechanism predictions for Mix 0 (a), Mix 1 (b), Mix 2 (c), Mix 3 (d), and Mix 4 (e) at low 
pressure and for Mix 0 (f) at elevated pressure. The data and predictions are plotted as a 
function of their initial temperature. 

For the methane based mixture, the new mechanism generally captured the 

experimental trends, as shown in Figure 5-6. For the low pressure case, the new 

mechanism over predicted the measured peak CO2(1B2) intensity by only up to 

30%, while the PG2 model over predicted it by a factor of more than 2.5 and did 

not capture the trends well. Moreover, for the elevated pressure case, although 

there is about 50% difference between the new model’s prediction and 

measurement, the new model nevertheless can capture the trends well. In 

contrast, there is a large over prediction (between 250% to 500%) of the data by 

the PG2 model.  
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This ability of the proposed new mechanism to reproduce the measured CO2(1B2) 

peak intensity and time history profile of different hydrocarbon and CO flames 

in shock tube experiments suggest that the current model is quite reliable, at 

least at low pressure. The reaction rate of R 5-3 is competent to describe the 

CO2(1B2) temperature dependence. Thus, a further examination of the current 

CO2(1B2) model was performed in the counterflow burner flames, to examine 

the equivalence ratio dependence of the CO2(1B2)/OH* chemiluminescent 

intensity ratio.  

 

Figure 5-6 Normalized peak intensity for CO2(1B2) from experiments [151] compared to 
mechanism predictions for CH4 based mixture at low and elevated pressures. The data and 
predictions are plotted as a function of their initial temperature 

5.3.2 CO2(1B2)/OH* Chemiluminescent Intensity ratios. 

The value of the narrow band pass filtered chemiluminescent intensity ratio of 

CO2(1B2)/OH* tends to be independent of equivalence ratio in methane flames 

[113]. However, full spectral range based CO2(1B2)/OH* chemiluminescent 

intensity ratio measurements are still not available in the literature. Thus, the 

first objective of this part is to fill this gap. A good agreement with experimental 

data for the CO2(1B2)/OH* chemiluminescent intensity ratio needs accurate 

prediction of both CO2(1B2) and OH*. Therefore, CO2(1B2)/OH* chemiluminescent 

intensity ratio can be used as a strict criterion for assessing the combined 
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CO2(1B2) chemiluminescence sub-mechanism and the fuel oxidation mechanism. 

The OH* chemiluminescence mechanism employed in the current study has 

been quantitatively evaluated based on OH* concentration [21], OH*/CH* 

chemiluminescent intensity ratio [20, 204], temperature dependence and time 

history [21, 75, 92]. Thus, this OH* chemiluminescence mechanism can be used 

as a reference marker for evaluating CO2(1B2) mechanisms.  

The predicted and measured CO2(1B2)/OH* chemiluminescent intensity ratios for 

CH4-air and C3H8-air flames as a function of equivalence ratio are illustrated in 

Figure 5-7. For the methane flames, the measured CO2(1B2)/OH* 

chemiluminescent intensity ratio showed a ‘W’ shape trend against equivalence 

ratio: it decreased from 6.6 to 3.7 for ER = 0.6 and ER = 0.7, increased to 5.6 at 

stoichiometric point, then decreased to 4.7 at ER = 1.1, and finally increased to 

6.0 at ER = 1.3. The cases predicted by the new model precisely described this 

‘W’ shape variation and the largest quantitative difference is less than 30% (ER 

= 1.3). In contrast, the PG2 model failed in predicting both qualitatively and 

quantitatively the CO2(1B2)/OH* chemiluminescent intensity ratio. The PG2 

predictions showed a monotonic decrease and the magnitude was about one 

order higher than the experimental results (ER = 0.6). For the propane-air flames, 

the CO2(1B2)/OH* chemiluminescent intensity ratio was about two times higher 

than for methane flames. The experimental data increased slightly, by 13%, from 

ER = 0.7 to ER = 1.0, and then decreased 20% from ER = 1.0 to ER = 1.4. The 

comparison between the computed data by the new mechanism and the 

measurement is promising. Except at ER = 0.7, the trend was captured, while the 

new model under predicted the magnitude by 50%, as shown in Figure 5-7 (b). 

The larger difference between experimental and predicted data may be due to 

the fuel oxidation mechanism. Several studies have shown that the ability of 

GRI-Mech 3.0 in predicting propane flames, especially for predicting 
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chemiluminescence, is not satisfactory [21, 208]. However, the GP2 mechanism 

failed to predict the trend, while the predicted magnitude was still far from the 

experimental data. Although the combined GRI-Mech 3.0 + OH* sub-mechanism 

and CO2(1B2) sub-mechanism did not fully predict the propane flame, the new 

CO2(1B2) sub-mechanism and its combination with GRI-Mech 3.0 mechanism 

could be used for predicting the CO2(1B2) for natural gas blend flames.  

 

Figure 5-7 CO2(1B2)/OH* chemiluminescent intensity ratios for CH4-air and C3H8-air flames as 
a function of equivalence ratio. The error bars refer to the upper and lower limit of the data 
for different strain rates. The data are plotted in semi logarithmic coordinate. 

5.4 Conclusions  

The kinetics of CO2(1B2) formation were studied by combining modelling, and 

shock tube and opposed jet burner experiments. The shock tube data were for 

H2-N2O-CO-Ar mixtures [109], CH4-O2-Ar mixture [151] and C2H4-O2-Ar mixture 

[110]. The premixed opposed jet flame experiment was over an equivalence 

ratio range of 0.6 to 1.3 for CH4-air flames and 0.7 to 1.4 for C3H8-air flames for 

a strain rate range of 160 to 400 s-1.  

A new CO2(1B2) chemiluminescence mechanism, including the inter-system 

crossing reaction and a novel CO2(1B2) generation path for hydrocarbon flames, 

was proposed for the first time. The reaction rate of CO + O + M = CO2(3B2) + M 
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(R 5-1) was determined within ± 60% uncertainty based on available 

experimental data for H2-N2O-CO-Ar mixtures as: 

k5-1=1 × 1013exp(-2390/RT) cm6 mol2 s-1, cal mol-1. 

The reaction rate of CH + O2 = CO2(1B2) + H (R 5-3) was determined within ± 32% 

uncertainty based on the CH4-O2-Ar mixture shock tube experimental data and 

CO2(1B2)/OH* chemiluminescent intensity ratio data in premixed CH4 flames as: 

k5-3=8 × 1010 cm3 mol-1 s-1. 

This novel CO2(1B2) chemiluminescence mechanism performs much better in 

predicting CO2(1B2) chemiluminescence behaviour for H2-N2O-CO-Ar mixtures, 

CH4-O2-Ar mixture and C2H4-O2-Ar mixture than previous mechanisms. Further 

assessment was conducted by adopting the CO2(1B2)/OH* chemiluminescent 

intensity ratio in premixed CH4 and C3H8 opposed jet flames as a stricter criterion. 

The new model along with GRI-Mech 3.0 can provide very good prediction of the 

CO2(1B2)/OH* chemiluminescent intensity ratio for CH4-air flames and fair 

prediction for C3H8-air flames.  
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Chapter 6 Two Photon Absorption Laser Induced 

Fluorescence of CO Measurements in Counterflow 

Premixed Methane-air Flames 

6.1 Introduction  

Since CO is an intermediate, a pollutant, an indicator of combustion efficiency 

and a kind of fuel in combustion industry. It is very important to understand the 

formation and distribution in combustion process. Planar CO TALIF is a promising 

technique to provide spatially resolved CO distribution in combustion, which has 

been discussed in Chapter 1. However, available literature mainly focused on 

this technique rather than provided CO distribution in combustion. Therefore, 

this chapter will focus on measuring CO distribution in counterflow burner flame, 

which has not been reported in the literature. As we discussed in Chapter 2, 

several actions have been taken to minimise photolytic interferences and 

spectral crosstalk, which are the main interferences source of CO TALIF 

addressed by literatures. However, due to the nature of the two photon 

absorption, extra challenge on handling laser sheet geometry has been found in 

present measurement. Therefore, this issue is extensively discussed in this 

chapter.  

Rest of this chapter are divided in three parts. Section 6.2discussed the laser 

sheet geometry effect on the TALIF measurement, the measurement results of 

planar CO TALIF in counter flow burner is also discussed in this section. Section 

6.3provided the new correlations between CO emission and chemiluminescence, 

which extended the usefulness of chemiluminescence on flame diagnosis. 

Finally, the main findings are summarized in Section 6.4. 
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6.2 Planar Two Photon Absorption Laser Induced Fluorescence 

of CO Measurement  

6.2.1 Laser Sheet Geometry and Intensity Distribution Effect on Two 

Photon Absorption Laser-induced Fluorescence 

Before presenting the measurement results of Planar CO TALIF, an extra 

uncertainty source of the measured TALIF signal will be discussed, which is 

mainly attributed to the nonlinear optical process in the measured signal. This 

uncertainty source has not been extensively discussed in the literature before, 

therefore, it is important to address this issue before conducting the discussion 

on the measured results.  

Figure 6-1 showed a typical laser sheet generated by a cylindrical lens system 

for a planar laser induced fluorescence experiment. If the laser sheet is focused 

in an environment with constant and homogeneous species concentration, the 

signal measured by a detector normal to the laser sheet can be described as:  

 𝑆𝑖 = 𝜂(𝛺/4𝜋)  × ℎ𝑖𝛿𝑖 𝜌�̂� × 𝐼𝐿/(ℎ𝑖𝛿𝑖) × 𝐴/(𝐴 + 𝑄 + 𝑃)   (6-1) 

where ℎ𝑖 and 𝛿𝑖 are the sheet height and thickness of surface i. The meanings of 

other symbols are same to equation (1-1) addressed in Chapter 1.  
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Figure 6-1 Schematic diagram of laser sheet for Planar laser induced fluorescence.  

It is easy to find that, although ℎ1 ≠ ℎ2 and 𝛿1 ≠ 𝛿2, the signal intensities ratio 

of single photon absorption LIF emitted between area A1 and A2, which is 𝑆1/𝑆2, 

only depends on 𝜌. If 𝜌  is constant, which means that the environment has 

constant and homogeneous species concentration, the ratio between the 

measured intensity from A1 and A2 is equal (𝑆1/𝑆2 = 1).  

However, when the species is excited by a two photon absorption process, the 

equation (6-1) will be rewritten as: 

𝑆𝑖 = 𝜂 (
𝛺

4𝜋
) × ℎ𝑖𝛿𝑖  𝜌�̂� × (

𝐼𝐿

ℎ𝑖𝛿𝑖
)

2
×

𝐴

𝐴+𝑄+𝑃
= 𝜂 (

𝛺

4𝜋
) × 𝜌�̂� × (

𝐼𝐿
2

ℎ𝑖𝛿𝑖
) ×

𝐴

𝐴+𝑄+𝑃
  (6-2) 

The signal intensities ratio between two TALIF can be deduced as: 
𝑆1

𝑆2
=  

𝜌1

𝜌2

ℎ2𝛿2

ℎ1𝛿1
.  

The measured TALIF intensity is not only determined by number density of 

measured species, but also determined by laser sheet geometry. By carefully 

control the distances between cylinder lens and plano-convex lens, it is not very 

hard to keep 
ℎ2

ℎ1
≈ 1. However, in present study, the focal length of the plano-
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convex lens used for focusing the laser sheet (f = 500 mm) is not much longer 

then the region of interest (70 mm), the 
𝛿2

𝛿1
 is smaller than 1. A typical value of 

present study is 
𝛿2

𝛿1
≈ 0.5. Therefore, a variety of measured CO intensity along 

the laser sheet direction was observed in the results shows in next sections. If 

the geometry of laser sheet was kept constant during the measurement, this 

variety is systematic and can be calibrated by measuring 
𝛿2

𝛿1
.using photosensitive 

paper.  

If the laser beam energy distribution is a flat-top shape, which means that 𝐼𝐿 is 

uniform in Ai, the 𝑆𝑖  can be calibrated by only the measured 
𝛿2

𝛿1
. However, the 

laser beam shape of a dye laser is in TEM0i mode, where i is more than 5. An iris 

was employed in present work to cut part of the laser beam and limit i less than 

3. The beam profile of the final laser sheet is schematically shown in Figure 6-2. 

Due to the two photon absorption process, the numbers of molecules excited 

by flat-top and non flat-top laser sheet profile intensity distribution are different. 

Therefore, the cross-section energy distribution of laser sheet is influencing the 

measured fluorescence intensity. 

 

Figure 6-2 Schematic diagram of the laser sheet beam profile. 
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The laser sheet intensity distribution was recorded by a dye fuelled cuvette, as 

shown in Figure 6-2 and Figure 6-3, since the dye in the cuvette was excited by 

one photon absorption process, the measured laser sheet intensity distribution 

lost the information of the cross-section energy distribution of laser sheet 

profile, which means that no matter the laser sheet is flat-top or not, the 

recorded laser sheet intensity distribution is same (right part of Figure 6-3).  

Therefore, the cuvette method of recording laser sheet profile to calibrate 

Planar TALIF is not competent. A solution is using a camera installed at the end 

of path of laser propagation to profile the laser sheet. However, there are 

several drawbacks for this solution. First is that if the position of the camera is 

far from the flame, the measured laser sheet profile can be different from the 

sheet profile in flame area because the diverge (M2 factor) of the initial laser 

beam; while, if the camera is close to the flame, high temperature may damage 

the camera. The second is that many cameras are not sensitive to UV light. 

Finally, there is a high risk of damage the camera, and the cost of this system is 

high.  

 

Figure 6-3 Raw image of the Planar CO TALIF measurement with the laser beam profiled by a 
cuvette.   
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6.2.2 Strain rate effect on the CO distribution in counterflow premixed 

methane-air flames 

Figure 6-4 shows the measured Planar CO TALIF data for opposed jet flames 

under a flow strain rate range from 120 s-1 to 320 s-1, formed for premixed 

methane-air mixtures with ER = 1.2. For all the strain rate, the CO concentration 

is maximum between the two flame fronts and not inside the reaction zone. For 

the low strain rate case (a = 120 s-1), a low CO concentration region is presented 

near the flame front. This region becomes less prominent with the increase of 

the flow strain rate, partly due to some flame instability at higher strain rates. 

Similar behaviour is also reported by [209] in comparing non-turbulent and 

turbulent stagnation stabilized flames.  

 

Figure 6-4 Spatial distribution of measured Planar CO TALIF signal at ER = 1.2 for different 
strain rate, averaged over 100 instantaneous images, after subtraction of flame luminescence. 
The red dash box indicates the relevant laser sheet position and size, and the blue dash boxes 
indicate the flame region for different cases. 
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6.2.3 Equivalence ratio effect on the CO distribution in counterflow 

premixed methane-air flames 

To assess the equivalence ratio effect on CO distribution, we measured the CO 

distribution with equivalence ratio range from 0.6 to 1.2 at a modest strain rate 

(160 s-1), as shown in Figure 6-5. Generally, the CO signal increased with 

equivalence ratio, which is consistent with other CO TALIF measurement [209] 

and gas analyser measurement [141] in the literature. For the near lean 

extinction limit with equivalence ratio of 0.6, the CO concentration was slightly 

higher than for the increased equivalence ratio condition of 0.7. The CO 

distribution is more concentrated in the centre between two flames. These 

phenomena may be caused by local extinction causing partial oxidation of CO.  
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Figure 6-5 Spatial distribution of measured Planar CO TALIF signal at a = 160 s-1 for different 
equivalence ratios, averaged over 100 instantaneous images, after subtracting flame 
luminescence. The region of interest and laser sheet region are same with Figure 6-4. The 
flame regions are indicated by the blue boxes.  
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6.3 Correlation Between CO emission and Chemiluminescence 

Another scope for current study is trying to find the correlation between 

chemiluminescent intensity and CO concentration generated in the flame. 

Chemiluminescence has been used to monitor CO and NO emissions in an 

artificial neural network based emission monitor [141]. Our previous study has 

reported that the chemiluminescent intensity normalized by fuel mass flow rate 

can be used as NO emission indicator [204]. Thus, the correlation of the C2
* 

chemiluminescent intensity, normalized by fuel mass flow rate, with Planar CO 

TALIF intensity is considered here. Figure 6-6 and Figure 6-7 presents the Planar 

CO TALIF intensity and the C2
* chemiluminescent intensities normalized by fuel 

mass flow rate with and without correction for CO2
* contribution. The influence 

from CO2
* chemiluminescence on C2

* chemiluminescence has been discussed in 

the previous section. Generally, Figure 6-6 and Figure 6-7 demonstrates that 

there is a correlation between the C2
* chemiluminescent intensity normalized 

by fuel mass flow rate and CO concentration in the flame. For rich flames (ER = 

1.2) at different strain rates, both the C2
* chemiluminescence with and without 

correction for CO2
* contribution showed a similar correlation with Planar CO 

TALIF intensity. However, for lean and stoichiometric equivalence ratios, the C2
* 

chemiluminescence without correction for CO2
* contribution did not correlate 

well with Planar CO TALIF intensity, since the CO2
* chemiluminescence 

contributed most of the measured intensity in lean and stoichiometric flames. 

Although the CO2
* corrected C2

* chemiluminescence followed the Planar CO 

TALIF intensity, it cannot still indicate the increase of CO concentration near the 

lean extinction limit.  
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Figure 6-6 Planar CO TALIF intensity and C2
* chemiluminescence intensity (with and without 

correction for CO2
* contribution) as a function of strain rate. 
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Figure 6-7 Planar CO TALIF intensity and C2
* chemiluminescence intensity (with and without 

correction for CO2
* contribution) as a function of equivalence ratio. 

6.4 Conclusions 

➢ Since the nonlinear exciting process of TALIF, the measured fluorescence 

signal is sensitive to laser sheet geometry and energy distribution, which 

introduce extra uncertainty.  

➢ Although the CO concentration in lean premixed methane-air flames is low, 

Planar CO TALIF measurements were conducted for the first time under 

these conditions to detect the CO spatial distribution in the flames with a 

modest SNR. 

➢ Both strain rate and equivalence ratio modified the spatial distribution of 

the CO concentration in the examined flames. 

➢ The C2
* chemiluminescent intensity normalized by fuel mass flow rate 

generally correlated well with CO concentration.  
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Chapter 7 Conclusions and Recommendation for future 

work 

7.1 Summary and Conclusions 

This thesis focused on the development and assessment of optical diagnostics, 

namely Chemiluminescence sensor and Planar two-photon absorption laser 

induced fluorescence (Planar-TALIF) of CO, for premixed combustion in an 

opposed jet flame configuration. The first part of this work presents a theoretical 

and experimental study of chemiluminescence for measuring heat release rate, 

flame front, equivalence ratio and fuel composition for premixed flames fuelled 

by single component hydrocarbon fuels and binary fuel blends. The second part 

of the present study focused on the development and application of 2-D 

spatially resolved non-intrusive measurement of CO spatial distribution, planar 

CO TALIF, in the counterflow burner flames. The main findings are summarised 

below.  

7.1.1 Chemiluminescence Measurements 

➢ An analytical and spectral investigation of the line of sight measured OH* 

chemiluminescence spectra demonstrated the importance of self-

absorption from the ground state OH on the recorded OH* spectra. The 

distribution of the OH* spectral intensity has a good correlation with the 

reciprocal of the OH mole fraction. Self-absorption of OH* was stronger in 

propane than methane flames. Such effect does not influence the CH(A) 

and C2
* spectra for methane flames due to the low concentration of CH and 

C2 species. 
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➢ CO2
* chemiluminescence generates a background emission with a broad 

spectrum between 250 nm and 600 nm and its intensity varies with 

wavelength. The origin of the broadband background emission in premixed 

propane flames is a more complex process than in methane flames. The 

contribution from CO2
* chemiluminescence at the wavelength ranges of 

OH*, CH(A) and C2
* emissions represents more than 60% of the total 

intensity. Therefore, the CO2
* chemiluminescence contribution must be 

considered for the interpretation of the measured chemiluminescence 

emissions.  

➢ Proper narrow band spectral filters for OH*, CH(A) and C2
* intensity 

measurements can partially remove the CO2
* chemiluminescence 

contribution. However, a significant reduction of signal intensity and 

increase of OH* self-absorption effect was identified.  

➢ Both the experimental and numerical results showed that 

chemiluminescent intensities for CO2
*, OH* and CH(A) can track well heat 

release rate, thus they can be considered as good markers for monitoring 

rate of heat release in practical applications. 

➢ CO2
* and OH* chemiluminescence can be used as good indicators of heat 

release rate in propane flames for the whole range of investigated 

equivalence ratios. However, CH(A) and C2
* chemiluminescence intensities 

are more independent of flame strain rate than CO2
* and OH* in lean flames. 

So, there is a need to evaluate which of the chemiluminescence species 

follows more accurately the heat release rate. 

➢ Due to the strong flame strain rate dependence and low signal intensity in 

lean flames, C2
* chemiluminescent intensity is inappropriate for measuring 

flame heat release rate in premixed methane flames.  
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➢ For all the examined flames, the measured OH*/CH(A) chemiluminescent 

intensity ratio after removing the contribution from CO2
* background 

emissions exhibits monotonic behaviour over all the examined range of 

equivalence ratios and can be used to indicate the equivalence ratio of the 

reacting mixture. However, the OH*/CH(A) chemiluminescent intensity 

ratio without removing the CO2
* chemiluminescent intensity has a non-

monotonic dependence on equivalence ratio for lean flames close to the 

extinction limit. The OH*/CH(A) intensity ratio does not depend on strain 

rate for most flame conditions and this was also confirmed by the 

modelling results. Therefore, the measured OH*/CH(A) intensity ratio can 

be used to monitor the equivalence ratio of the reacting mixture in 

premixed flames. 

➢ Chemiluminescent intensity ratios of C2
*/OH* and C2

*/CH(A) exhibit 

monotonic dependence on equivalence ratio and weak dependence on 

rate of strain for rich flames. However, they have limited sensitivity to 

determine the equivalence ratio of lean flames due to the low signal 

intensity. 

➢ The vibration and rotation state of the measured C2
* spectra for premixed 

propane-air flames show that the excited C2
* species are in thermal non-

equilibrium state due to the high excess energy of its formation reactions. 

Rate of production analysis of modelled results shows that the collisional 

quenching process is not intense enough to remove the high excess energy 

of C2
*. Both the measured and modelled results suggest that the reaction 

rate constant of reaction R45 of Table 2-7 is highly underestimated.  

➢ The flame morphology in the opposed jet burner exhibits small changes for 

methane mixtures blended with propane, hydrogen or diluted with CO2 for 
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all the examined types of blended mixtures and methane substitution 

levels.  

➢ Interaction between several chemical and physical effects lead to complex 

variation of CO2
*, OH*, CH(A) and C2

* chemiluminescent intensity with 

substitution species proportion. Generally, hydrogen substitution of 

methane in a binary fuel blend increases CO2
* and OH* and decreases CH(A) 

and C2
* chemiluminescent intensities. Propane substitution decreases OH* 

and increases CO2
*, CH(A) and C2

* chemiluminescent intensities. Carbon 

dioxide substitution decreases the chemiluminescent intensities of all 

species.  

➢ For hydrogen substitution of methane in a binary fuel blend, 

CO2
*/(CH(A)+CO2

*) and OH*/CH(A) chemiluminescent intensity ratios can 

be used to indicate hydrogen proportion in binary fuel mixtures.  

➢ For propane substitution of methane in a binary fuel blend, 

CO2
*/(OH*+CO2

*), C2
*/OH* and OH*/CH(A) chemiluminescent intensity 

ratios are considered as good propane proportion indicators in binary fuel 

mixtures.  

➢ For carbon dioxide substitution of methane in a binary blend, 

CO2
*/(C2

*+CO2
*) and OH*/CH(A) chemiluminescent intensity ratios are 

considered as good carbon dioxide proportion indicators in the binary gas 

mixture. This blend is related to shale gas fuels, possibly generated through 

‘fracking’ processes, which tend to have significant levels of CO2.  

7.1.2 Chemiluminescence Modelling 

➢ The modelled peak-to-peak distances between the emitted intensity of 

different chemiluminescence species and the thicknesses of the spatial 
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distribution of the emitted chemiluminescent intensity agree well with 

experiments in the literature.  

➢ The modelled peak-to-peak distance between chemiluminescence and 

heat release rate confirm that the chemiluminescence is a good flame front 

indicator for premixed flames.  

➢ The available CO2
* chemiluminescence model cannot reproduce the 

measured CO2
*/OH* and CO2

*/CH(A) chemiluminescent intensity ratios for 

both methane-air and propane-air premixed flames. So a new model was 

developed. 

➢ The modelled C2
*/OH* and C2

*/CH(A) agree fairly well with the 

corresponding measurements in methane-air and propane-air premixed 

flames, but the level of C2
* is underpredicted.  

➢ The combinations of USC-Mech V2 + chemiluminescence sub-mechanism 

and UCSD-Mech + chemiluminescence sub-mechanism do not perform as 

well as the GRI-Mech 3.0 + chemiluminescence sub-mechanism on 

predicting chemiluminescent intensities and chemiluminescent intensity 

ratios.  

➢ The current GRI-Mech 3.0 + chemiluminescence sub-mechanism cannot 

reproduce the experimental OH*/CH(A) chemiluminescent intensity ratio 

for 5% substitution of methane with propane in a fuel blend, despite its 

ability to predict successfully this quantity for pure methane-air flames.  

➢ Change of the fuel oxidation mechanism does not improve the prediction 

of OH*/CH(A) chemiluminescent intensity ratio for premixed propane and 

propane-methane mixture fuelled flames.  

➢ The formation of OH*, CH(A), C2
* and CO2

* is not in the main heat release 

pathway of methane and propane combustion. Rate of production analysis 
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shows that the OH*, CH(A) and C2
* are mainly formatted through reactions 

R2, R14 and R44 respectively of Table 2-7.  

➢ The sensitivity analysis reveals that the origin of the correlation between 

HRR and chemiluminescence. It is caused by the fact that the 

chemiluminescent formation and the heat release process are both highly 

sensitive to reaction H + O2 = O + OH. It is the first time to clarify the origin 

of the correlation between heat release rate and chemiluminescence. This 

clarification can also explain previous contradictory conclusions in the 

literature on the ability of chemiluminescence to indicate heat release rate.  

➢ The sensitivity analysis can provide appropriate explanation for the 

observed experimental results of the CO2 and N2 dilution effects on the 

chemiluminescent intensity, as well as the corresponding effect of H2 

addition to methane fuel on chemiluminescence.  

➢ A new CO2(1B2) chemiluminescence mechanism, including the inter-system 

crossing reaction and a novel CO2(1B2) generation path for hydrocarbon 

flames, is proposed for the first time. The reaction rate of CO + O + M = 

CO2(3B2) + M (R 5-1) was determined within ± 60% uncertainty, based on 

available experimental data for H2-N2O-CO-Ar mixtures as: 

k5-1=1 × 1013exp(-2390/RT) cm6 mol2 s-1, cal mol-1. 

➢ The reaction rate of CH + O2 = CO2(1B2) + H (R 5-3), which is the main CO2(1B2) 

formation path for hydrocarbon flames was determined within ± 32% 

uncertainty, based on the CH4-O2-Ar mixture shock tube experimental data 

and CO2(1B2)/OH* chemiluminescent intensity ratio data in premixed CH4 

flames as: 

k5-3=8 × 1010 cm3 mol-1 s-1. 
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➢ This new CO2(1B2) chemiluminescence mechanism performs much better in 

predicting CO2(1B2) chemiluminescence behaviour for H2-N2O-CO-Ar 

mixtures, CH4-O2-Ar mixture and C2H4-O2-Ar mixture than previous 

mechanisms. Further assessment is conducted by adopting the 

CO2(1B2)/OH* chemiluminescent intensity ratio in premixed CH4 and C3H8 

opposed jet flames as a stricter criterion. The new model along with GRI-

Mech 3.0 main fuel reaction mechanism can provide very good prediction 

of the CO2(1B2)/OH* chemiluminescent intensity ratio for CH4-air flames and 

fair prediction for C3H8-air flames.  

7.1.3 Planar Two Photon Absorption Laser Induced Fluorescence of CO 

➢ The Planar CO TALIF method was developed, and the optical arrangement 

and optical filtering were optimised for application in counterflow flames. 

➢ Although the CO concentration in lean premixed methane-air flames is low, 

planar CO LIF measurements were conducted for the first time under these 

conditions to detect the CO level and spatial distribution in the flames with 

a modest SNR. 

➢ Both strain rate and equivalence ratio modified the spatial distribution of 

the CO concentration in the examined flames and quantitative evaluations 

of their effects were reported. 

➢ The C2
* chemiluminescent intensity normalized by fuel mass flow rate 

generally correlated well with the measured CO concentration, which may 

suggest that C2
* chemiluminescence is a good indicator of CO generation in 

flames. 
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7.2 Contribution to Industrial Application 

Chemiluminescence based have been proposed as a flame monitoring method 

for more than fifty years, however, it has not been widely used in industrial 

combustors. Generally, the chemiluminescence based combustion monitoring is 

between Technology Readiness Level (TRL) 3 and 4 (1989 NASA TRL definitions 

[210]). Before pushing this technique to TRL 5, in the author’s opinion, there are 

still several TRL 3 and TRL 4 barricades need to be overcame.  

7.2.1 Barricades in Technology Readiness Level 3 

➢ In the industrial and civil combustors, the flame is neither premixed nor 

diffused, it is a flame between these two conditions and varies with 

operation condition. Most of laboratory chemiluminescence researches 

(including present study) are focused on premixed flame, the 

chemiluminescence of diffusion flame is not very well understood, let 

alone partially premixed flame. The layering distribution of different 

chemiluminescent emissions brings extra difficulty on measuring its 

structure. Therefore, Proof-of-Concept demonstration of 

chemiluminescence based combustion monitoring in diffusion and 

partially premixed flames is required.  

7.2.2 Barricades in Technology Readiness Level 4  

➢ The contribution from CO2
* continuous emission in the measured OH* and 

CH* signals has been underrated. It has not been carefully evaluated 

before. Present study provided a comprehensive evaluation in premixed 

opposed flame. However, further validations are required in wider 

laboratory conditions. 
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➢ Blackbody radiation is another important light emission source from the 

sooting flame and wall the of combustor. It may contaminate the flame 

spectra over 400 nm and its intensity, sometimes, is stronger than 

chemiluminescence. Therefore, in the worst case, only the light emissions 

from OH* and part of CO2
* can survive. Therefore, the evaluation of the 

light emissions from flame in different laboratory confined burners is 

essential before pushing this technique to TRL 5 

7.2.3 Barricades in Technology Readiness Level 5  

➢ In the industrial and civil combustors, flame length, shape and position 

may change with operating conditions. Changing of flame geometry may 

lead to the change of collected light intensity and spectral distribution. 

Therefore, care should be taken in selecting and arranging collecting 

optics type and position to avoid this issue.  

➢ The composition of the fuel supplied to the industrial and civil combustor 

is not consisted. The fuel suppliers only provide the physical property of 

the supplied fuel rather than the detailed composition. The fuel suppliers 

can guarantee a Wobbe index range for the supplied fuel, they may add 

inert gas or liquefied petroleum gas to maintain the Wobbe index in a 

small range to ensure the combustor working properly. Therefore, 

chemiluminescence based flame monitor should be robust in the complex 

fuel conditions.  

In present study, we developed and assessed the comprehensive 

chemiluminescence kinetics mechanism, this mechanism enables numerical 

evaluation of chemiluminescent characteristics for diffusion and partially 

premixed flames. Present study elaborates the characteristic of CO2
* 

continuous emission and provide an improved chemical mechanism for 
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predicting its emission. The understanding of CO2
* chemiluminescence can 

provide useful information for developing CO2
* chemiluminescence based 

diagnostics for the circumstances with strong blackbody radiation and 

evaluating the CO2
* effect on the diagnostics based on other excited species. 

In the measurement present in this thesis, two complementary optics are 

used to demonstrate the collecting optics effect. These two optics can be 

used as references for developing collecting optics for industrial and civil 

combustors. Another main contribution of present study to industrial 

application is providing understanding of chemiluminescence for flame 

fuelled by blended fuels. Although the Wobbe index is not discussed as a 

parameter in present study, the potential readers can calculate the Wobbe 

indexes of the mixtures examined here.  

7.3 Recommendation for Future Work 

➢ Several previous studies (e.g. [37, 54]) used extrapolation of the measured 

monotonic correlation between OH*/CH(A) and equivalence ratio in lean 

flames to obtain measurements at very lean premixed flames. The present 

study has experimentally and numerically confirmed that the OH*/CH(A) 

chemiluminescent intensity ratio is non-monotonic for very lean premixed 

flames, which is caused by the high CO2
* intensity contribution in the 

measured OH* and CH(A) signal. Therefore, the accuracy of measurements 

at very lean flames should be assessed and, possibly, improved by using 

proper narrow band filters or additional measurement of the CO2
* 

contribution to the signals in order to remove CO2
* effects.  

➢ Measurement and simulation of chemiluminescent intensity at high 

pressure flames is not widely available. In particular measurements at high 

pressure counterflow flames, where the flame strain rate and equivalence 
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ratio can be varied independent for different pressures, are not available, 

It is proposed that there is a need to perform such measurements at high 

pressure methane flames first, before considering other fuels.  

➢ Self-absorption of OH* has not been considered in the reaction rate 

calibration of the OH* formation reaction. A proper selected narrow band 

filter, as suggested in [68], should be employed to reduce or remove the 

self-absorption contribution.  

➢ The present study found that the reaction rate constant of reaction R45 is 

underestimated. Therefore, further measurements of this reaction rate 

constant at different temperatures, pressures and fuel blend compositions 

are required. The spectral range of C2 sawn band emission should also be 

carefully selected to include the thermal non-equilibrium state part of the 

spectrum.  

➢ Spatially resolved chemiluminescence intensity from laminar diffusion 

flames in normal gravity and microgravity environments should be 

performed to provide further information on the formation process of 

chemiluminescence. A recent study [41] has been presented which shows 

that the chemiluminescence can be used to identify the rich and 

stochiometric reaction zones in diffusion flames. Further understanding of 

the chemiluminescence characteristics for diffusion and partially premixed 

flames are required.  

➢ It will be interesting to examine the spatial distribution of CH and O2, 

measured by planar laser induced fluorescence and OH* chemiluminescent 

intensity distribution. This measurement can be used to examine the 

reaction rate constant of reaction R2. Moreover, CH has been reported as 

a good flame front indicator [211]. Therefore, a comparison between CH, 
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CH × O2, CH* and OH* can be performed to evaluate their performance on 

indicating flame front.  

➢ It is proposed that a future systematic shock tube experiment for CO based 

mixtures with sufficient measurement duration should be performed. 

More shock tube data for different kinds of hydrocarbon based mixtures is 

required to further investigate the reaction R 5-3 and explore other 

potential reactions, which could contribute to CO2(1B2) formation. Laser 

induced fluorescence measurements of CO2 could be performed at 

different temperatures to investigate the inter-system crossing between 

different excited CO2 molecules and highly vibrated ground state CO2 

molecules. 

➢ Femtosecond lasers have demonstrated unique advantages for TALIF 

measurements. Therefore, it will be interesting to perform femtosecond 

and nanosecond laser based CO TALIF at the same conditions to examine 

the benefits of a femtosecond laser system. In addition, the applicability of 

a femtosecond system to practical flames is an important consideration.   
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