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SUMMARY 

 

Naturally occurring flame chemiluminescence, the radiative emission from 

electronically excited species that are formed in chemical reactions, has received 

increasing attention for its potential sensor and diagnostic applications in combustors. 

Since these species are mainly produced in the reaction zone, chemiluminescence can be 

indicative of the reacting conditions in the flame. A number of studies have used flame 

chemiluminescence to monitor flame status, and combustor performance. Most of these 

studies have been experimental, with the relationship between the chemiluminescence 

and the combustion state determined empirically. However, chemiluminescence 

modeling has the potential to provide a better understanding of the chemiluminescence 

processes and their dependence on various combustion operating conditions. 

The primary objective of this research was to identify and validate the important 

chemiluminescence reaction mechanisms for OH*, CH* and CO2*. To this end, 

measurements were performed at various operating conditions, primarily in laminar, 

premixed flames, fueled with methane, syngas (H2/CO) and Jet-A. The results are 

compared to 1-d laminar flame simulations employing the chemiluminescence 

mechanisms. The secondary objective was to use the experiments and validated 

chemiluminescence reaction mechanisms to evaluate the usefulness of flame 

chemiluminescence as a combustion diagnostic, particularly for heat release rate and 

equivalence ratio. 

The validation studies were able to identify specific mechanisms for OH*, CH* 

and CO2* that produced excellent agreement with the experimental data in most cases. 
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The mechanisms were able to predict the variation of the chemiluminescence signals with 

equivalence ratio and, in most cases, preheat but not the variation with pressure. This is 

attributed in part to inaccuracies in the basic chemical mechanism used in the simulations 

to predict concentration profiles of the chemiluminescence precursor species. For CH*, 

lack of accurate quenching data may also contribute. For OH*, thermal excitation and 

radiative trapping may also be problematic at high pressure, especially near 

stoichiometric conditions. For CO2*, trapping and interference from the emissions of 

other species (such as HCO and H2O) lead to discrepancies between experiments and 

simulations at high pressure and in Jet-A flames.  

Regarding the utility of chemiluminescence for sensing, a number of observations 

can be made. It is advisable to use background subtracted chemiluminescence signals for 

sensing purposes. In syngas-air flames, CO2* is a reasonable heat release rate marker, at 

least for very lean conditions, as it is less dependent on equivalence ratio than OH*. For a 

similar reason, OH* shows some advantage in atmospheric-pressure methane and Jet-A 

flames in general, while CH* is advantageous at high pressure and very lean conditions at 

atmospheric pressure. The chemiluminescence intensity ratio CO2*/OH* is not useful for 

sensing equivalence ratio in syngas flames, except maybe at very lean conditions. 

However, the CH*/OH* signal ratio is a promising approach for sensing equivalence 

ratio at low or very high pressure conditions in hydrocarbon flames. Thermal excitation 

and self-absorption processes for OH* chemiluminescence can become important for 

combustors operating at high pressure, high preheat and near stoichiometric conditions.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Motivation 

Monitoring and controlling combustor performance and health is a major 

challenge because of the harsh environment within the combustor. For understanding 

combustion and ocmbustors, the spatial and temporal distribution of parameters such as 

temperature, pressure, equivalence ratio, heat release rate and pollutant levels are of great 

interest. Robust and reliable diagnostic and sensor systems are even more relevant to 

future combustors due to the many issues facing modern lean, premixed combustors and 

the fuel-flexible versions under development. For example in lean premixed combustors, 

monitoring and control of the combustor operating point is necessary to harness the full 

benefits of NOx reduction. That these combustors operate near the lean stability limit 

with the flame more prone to blowout and combustion dynamics further motivates the 

need for robust control and sensing methodologies. To this end, optical methods have 

become a popular choice because the measurements are non-intrusive and there are 

optical interface materials can survive the high temperatures combustor environment. 

Optical sensors have the added advantage of being quite fast and capable of giving both 

localized and global information about the combustion process. The fast response of 

these sensors is particularly useful in monitoring dynamic processes in combustion 

systems. However, most of the quantitative methods are laser-based, with higher costs, 

complexity, and maintenance requirements.  
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Flame chemiluminescence has received renewed attention for its potential sensor 

applications in combustors. The radiative emissions from electronically excited species 

that are formed chemically, such as CH*, OH*, C2* and CO2* constitute the primary 

sources of chemiluminescence in hydrocarbon flames [1]. Since these species are mainly 

produced in the reaction zone, chemiluminescence can be indicative of the reacting 

conditions in the flame. This idea has led many to explore the use of flame 

chemiluminescence in practical combustors to monitor flame status, and combustor 

health and performance. For example, chemiluminescence imaging of excited radicals, an 

obvious application, is often used for reaction zone marking [2, 3]. Similarly, the ratio of 

emissions from excited species, such as CH*/OH* or C2
*
/OH

*
, show promise for 

equivalence ratio sensing in both gaseous and liquid fuel systems [4]. For example, it has 

 

0.5 0.6 0.7 0.8 0.9 1
0
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C
H
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Figure 1.1. Variation of CH
*
/OH

*
 chemiluminescence intensity ratio on equivalence 

ratio for various inlet axial Re in a swirl combustor [4].  
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been observed that the ratio of CH*/OH* peak intensities monotonically increases with 

equivalence ratio in methane flames at atmospheric conditions (Figure 1.1) [4], and hence 

could be used for sensing equivalence ratio at these conditions. Chemiluminescence has 

also been employed to characterize temporal fluctuations in global heat release rate and 

its spatial distribution for applications related to combustion instabilities [5].  

Nevertheless, most of these studies have been experimental, with the relationship 

between the chemiluminescence and the combustion state determined empirically. Thus 

the relationship between chemiluminescence signals and combustion parameters must be 

experimentally revisited whenever the operating conditions change in a significant way. 

Chemiluminescence modelling on the other hand has the potential to provide a better 

understanding of the chemiluminescence processes and their dependence on various 

combustion operating conditions. Modeling provides better control for isolating and 

studying the conditions of interest compared to experiments. Modeling can also be 

helpful in designing a diagnostic or sensing approach, and interpreting experimental 

results. The success of the model mainly depends on the accuracy of the reaction 

mechanisms for the formation of the excited-state species and the associated reaction 

rates, assuming that the chemiluminescence precursor species are well-estimated by 

standard combustion models for the particular fuel-oxidizer system of interest. Thus, 

most of the earlier modeling efforts were intended to identify the chemiluminescence 

reactions and their rates [6,7] or to understand the relationship between 

chemiluminescence and flame properties [8,9] using proposed chemiluminescence 

mechanisms that were not systematically validated. Additionally, these studies examined 

OH
*
, CH

*
 and C2

*
 primarily in methane-air flames. In the case of CO2

*
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chemiluminescence, its relevance to determination of flame properties such as heat 

release in laminar and turbulent premixed flames was evaluated by Samaniego et al. [10] 

via a numerical investigation without experimental validation using outdated rate 

constant information for CO2
*
 chemiluminescence. 

Thus, the objective of this thesis is to identify and validate the important 

chemiluminescence reactions for OH*, CH* and CO2* and to study the dependence of 

flame chemiluminescence on combustion parameters such as pressure, reactant preheat, 

equivalence ratio, strain and the degree of reactant/product mixing for a range of relevant 

fuels: methane, syngas and Jet-A. Thus the proposed work will provide direction on the 

potential sensor applications of flame chemiluminescence. Methane and syngas fuels 

were chosen in part because of the availability of validated mechanisms, such as GRI 

Mech 3.0, and because of the extensive application of natural gas in industrial 

applications, and the great interest in syngas and CH4/H2 mixtures for future applications. 

Jet-A was chosen due to its importance in aircraft engines, and because it involves a 

significant increase in fuel-chemistry complexity over the other choices.  

1.2 Literature Review 

Equivalence ratio is one of the important engine parameters that needs to be 

monitored and controlled both globally and locally, for variations in fuel-air ratio could 

lead to undesirable consequences such as increased NOx and soot emissions, reduced 

flame stability and ultimately combustor (acoustic) instabilities that may be detrimental 

to the .structural integrity of the combustor itself. In this regard, a number of studies in 

the 1950’s [11-13] have laid the foundation for sensing this important parameter among 

others (such as heat release rate) using flame chemiluminescence. For example, Clark 
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[13] investigated the dependence of chemiluminescence signals of OH*, CH*, C2* and 

CO2* on fuel type, flow rate and equivalence ratio. It was showed that the ratio of 

C2*/CH* chemiluminescence signal intensities could be used for monitoring equivalence 

ratio in propane-air and ethylene-air flames. Recent studies in both premixed and 

partially premixed gaseous and liquid fuel systems [4, 14-19] have strengthened the 

promise for equivalence ratio sensing via ratio of emissions such as CH*/OH* or 

C2
*
/OH

*
. However, these studies only reported empirical correlations for a specific 

burner and detection system, which may not be generally applicable. Additionally, most 

of the studies considered flows with simultaneous variations of strain rate, temperature or 

pressure in addition to equivalence ratio, further limiting the relevance of the findings.  

Chemiluminescence emission from OH*, CH*, CO2* and C2* have been studied 

in laminar and turbulent flames, and since the early days it was assumed to be a marker 

and measure for heat release rate [13]. This was due to the observation that radiation 

intensity increased linearly with fuel flow rate in both laminar and low-intensity turbulent 

flames, for other conditions fixed, e.g., at a given equivalence ratio or reactant 

temperature. This assumption was further strengthened by the work of Price et al. [20] 

and Hurle et. al [21] in ethylene-air, turbulent, premixed and diffusion flames when they 

observed excellent correlation between the time derivative of the C2* and CH* 

chemiluminescence light signal strength and the root mean square pressure, as measured 

by a microphone some distance away from the flame. Subsequent studies used this 

hypothesis without additional evaluation of the influence of combustion parameters (i.e., 

equivalence ratio, pressure, temperature, and flame strain rate) on the chemistry of the 

excited radicals leading to chemiluminescence and its potential link to heat release [22, 
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23]. This correlation between chemiluminescence rate and acoustic pressure was later 

verified in laminar flames in steady and unsteady combustion under moderate strain, for 

fixed conditions such as equivalence ratio, pressure, temperature, and flame strain rate 

[10,,25]. However in highly turbulent flames or regions with extreme local strain or flame 

curvature, chemiluminescence can effectively go to zero without flame extinction [26-

28]. Hence, the assumption severely fails in such situations and flame 

chemiluminescence would not be reliable for heat release rate marking.  

Thus while flame emission has been used to characterize temporal fluctuations 

both in overall heat release rate and the spatial distribution of local heat release rate 

[5,29], care must be taken when interpreting such measurements. For example, when 

making overall chemiluminescence measurements, it is important to realize that changes 

in the fuel flow rate and changes in the equivalence ratio independently affect the overall 

chemiluminescence emission. So, it can be necessary to measure both fuel flow rate and 

equivalence ratio oscillations to get accurate information about the phase and amplitude 

of the overall heat release rate fluctuations [28].  

As noted previously, these relationships could be studied in detail if validated 

mechanisms for OH*, CH* and CO2* chemiluminescence were available. The required 

mechanism should account for the formation and destruction of the excited state species. 

There has been considerable work identifying the formation reactions and their rate 

parameters for OH* and CH*. For these two species, there have been a number of 

experimental studies in premixed methane air systems including some at high pressure 

[19,,31] and with purposefully applied strain [30,24]; yet few have focused on validating 

the chemiluminescence mechanisms [32]. In addition, most of these studies were limited 



www.manaraa.com

 7 

to methane-air mixtures and room temperature conditions. In summary, there is a need 

for a parametric study over a range of operating conditions such as fuel type, reactant 

temperature, pressure, dilution, strain, and equivalence ratio on the behavior of flame 

chemiluminescence, and its relation to heat release rate and equivalence ratio. Such a 

study would help provide insight into the dependence of chemiluminescence on these 

parameters and improve interpretation of experimental data.  

1.3 Overview of Present Work 

The main objective of this thesis is to develop a predictive model for flame 

chemiluminescence from three sources: OH*, CH* and CO2*. The secondary objective is 

to use the validated chemiluminescence reaction models to evaluate the usefulness of 

flame chemiluminescence as a combustion diagnostic at various operating conditions for 

gaseous and liquid fuels of importance: viz. methane, syngas and Jet-A.  

The approach taken to accomplish the first objective is to evaluate mechanisms 

and rates identified in the literature for OH*, CH* and CO2* by comparing the global 

chemiluminescence yield measured in flame experiments to that predicted by the models. 

Identifying the appropriate mechanisms includes a literature review of the proposed 

chemiluminescence formation reactions and their associated rate parameters, as well as 

identification of the important collisional quenchers and their corresponding rate 

parameters. For the verification task, it is essential to perform experiments at a range of 

controlled operating conditions, including: pressure, reactant preheat temperature, 

equivalence ratio and reactant dilution. The studies are primarily carried out in simple 

laminar premixed flames, which provide a well-controlled environment for measuring 

global flame chemiluminescence. They are also more amenable to simulation. Then, the 
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chemiluminescence models are validated by comparing the experiments to simulation 

results. The simulations are performed for unstrained laminar flames with leading 

chemical kinetic mechanisms relevant to the above fuels, and the global 

chemiluminescence yield is calculated using the available chemiluminescence reactions 

and their rates. The approach to the second objective involves using the validated 

chemiluminescence models to study the dependence of flame chemiluminescence on 

combustion parameters such as pressure, reactant preheat, strain equivalence ratio and 

degree of reactant/product mixing in the above fuels.  

The general thesis outline is as follows: Chapter 2 provides necessary background 

information about flame chemiluminescence and chemiluminescence mechanisms for 

OH*, CH* and CO2* excited species including their formation reactions and quenching 

reactions with their associated rate parameters from the literature. Chapter 3 describes the 

experimental facilities used in this study, including the burners and the optics necessary 

for acquiring flame chemiluminescence. Additionally, details of the chemiluminescence 

modeling approach used to estimate global chemiluminescence yield from the flames are 

presented in this chapter. The comparisons between the model predictions and 

experiments are made in Chapter 4 and the most appropriate models are evaluated for 

OH*, CH* and CO2* chemiluminescence. The validated models are then used in Chapter 

5 to evaluate flame chemiluminescence from these species, for sensing equivalence ratio 

and heat release rate in premixed flames of a representative syngas mixture and methane 

at various operating conditions. This chapter also provides estimates of the contribution 

of thermally produced OH* to the total OH* signal in these flames. The chapter also 

examines the implications for chemiluminescence sensing if total signals are considered, 
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without background subtraction, simulating chemiluminescence acquired by “single” 

wavelength detection systems. Finally, Chapter 6 concludes the thesis with a summary 

and recommendations for further studies.  
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CHAPTER 2  

BACKGROUND 

 

This chapter provides a brief overview of chemiluminescence and the reaction 

mechanisms responsible for it. In particular, formation reactions, quenching reactions and 

their appropriate rate parameters established in the literature are presented for OH*, CH* 

and CO2*. 

2.1 Chemiluminescence 

Chemiluminescence, as the name suggests, is the light that is produced as a result 

of chemical reaction. In other words, it is the spontaneous electromagnetic radiation that 

is produced when chemically created excited states return to a lower energy state (ground 

state generally) [1]. Chemiluminescence forms a part of the wider domain of emission 

spectroscopy. In this thesis, flame emission mainly in the UV-VIS part of the 

electromagnetic spectrum is considered. In particular, it deals with emission from the 

excited molecules OH*, CO2* and CH*. Emission in the visible and ultra-violet regions 

is generally due to changes in electronic states of the molecule. This change determines 

the position of the molecular band system as a whole. The position of the individual 

bands within the band system is determined by the changes in the vibrational energy 

states of the molecule. The fine line structure of the band (fine structure of the individual 

bands) on the other hand is determined by the changes in the rotational energy states 

within the molecule.  
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The net photon emission due to chemiluminescence from an excited molecule 

(say OH*) depends on the following steps as illustrated in Figure 2.1: 1) excited state 

formation via chemical reactions (F), 2) excited state formation via thermal excitation 

(T), 3) (rapid) collisional quenching reactions that remove the excited state, reducing to 

its ground electronic configuration non-radiatively (Q), 4) reactive collision with another 

molecule (R), and 5) spontaneous radiative transitions to the ground state (A).  

 
F 

X+YZ 

XY* 

XY 

Q T  A  hν 

R +Y 
X+Y2 

 

Figure 2.1. General steps involved in a chemiluminescence reaction mechanism.  

Often, the whole process is dominated by quenching, with the process limited by 

formation of the excited state
*
. For these reasons, they can often be assumed to be in 

quasi-steady state [10], i.e., for an excited state XY* 

 ARQTF
dt

XYd
−−−+=≈ 0

][ *

. (1) 

where F and T represent the production rates of the excited state by chemical and thermal 

excitation mechanisms; Q, R and A represent the removal rates of the excited state by 

collisional quenching, reactive quenching, and by spontaneous emission. Thus the 

                                                 

 
*
 This leads to low concentrations for the electronically excited species, which then have little impact on the 

overall flame chemistry. 
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concentration of the excited state, [XY*], can be estimated from Eq. (1). The 

chemiluminescence photon production rate is given by 

 ][
][ *XYA

dt

hvd
= . (2) 

The accuracy of chemiluminescence modeling directly depends on the accuracy 

with which these sub-steps are modeled. All the above steps shall be considered for OH*, 

CO2* and CH* chemiluminescence provided that enough information is found in the 

literature.  

2.2 OH* Chemiluminescence 

Emission from the electronically excited OH A
2Σ+

 state (typically denoted OH
*
 in 

the flame chemiluminescence literature) near 310 nm is a prominent feature of hydrogen 

and hydrocarbon flame spectra. OH
*
 emission and the reactions important in OH

*
 

chemiluminescence have long been studied [33-37]. Collisional quenching and radiative 

decay rates for OH excited states are largely well known from extensive studies of OH 

photophysics [38]. For example, the overall Einstein A coefficient for the OH A
2Σ+

 state 

is given as 1.4×10
6 

s
-1

 [38]. It is the formation reactions and rates that have been more 

difficult to determine. 

Experimental efforts to determine the dominant OH* formation steps have 

primarily taken one of two approaches: 1) flame and 2) shock-tube studies. In flat flame 

studies of lean and rich (φ=1-1.5) H2/O2/N2 mixtures [34], the authors assumed partial 

equilibrium among the flame radicals and were able to conclude that the following three-

body reactions were a likely source of the OH* state. 
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 O + H + M → OH
*
 + M (R1) 

 H + OH + OH → OH
*
 + M (R2) 

However, the equilibrium relationships between the radicals prevented the assignment of 

a unique excitation mechanism for OH* formation.
 
 Shock tube studies with H2/O2/Ar 

mixtures were undertaken so as to make kinetic measurements far from equilibrium. 

Most of these studies [36,37,39] strongly indicated that (R1) was the main source of OH* 

in hydrogen systems. Still, Smith et al. [40] suggested an optimized model taking into 

account both reactions R1 and R2 for hydrogen combustion.  

Many of these flame and shock tube studies also attempted to estimate the rate 

constants for the OH* formation reactions. Because of the more controlled nature of the 

shock tube studies, their results may be more reliable. In most of these studies, however, 

the authors reported temperature independent rate constants, with the exception of one 

shock tube study, where an Arrhenius type rate for R1 was reported [36]. Their rate 

constant was updated in a later shock tube study [37], though without change in the 

temperature dependence. It should be noted here that the experimentally determined rate 

constants are mainly based on OH* chemiluminescence data acquired with detectors 

coupled to filters with at least full width half maximum (FWHM) of ~10nm.  

In combustion of hydrocarbon fuels, OH* formation has been most often 

attributed to the four-center reaction [1,7, 41-44],  

 CH + O2 → OH
*
 + CO (R3) 

with rate constants also usually given without temperature dependence. Kinetic rate 

parameters for this reaction were determined experimentally, primarily in flames, flow 

reactors and shock tubes. Recently, the shock tube study of Hall et al. [45] was able to 
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provide information on the temperature dependence of this reaction. Table 2.1 

summarizes the OH* mechanism and rate constant information, with the rate constant 

parameters given in a modified Arrhenius form.  

Table 2.1. Formation (R) and quenching (Q) reactions and rate constants reported 

for OH
*
. Rate coefficients are expressed as k = A T

b
 exp(−−−−Ea/RT) with Ea in units of 

cal mol
-1
 and AT

b
 in cm

3
mol

-1
s
-1
 for two body reactions or cm

6
mol

-2
s
-1
 for three body 

reactions (with T in K units).  

# Reaction A b Ea Ref. 

R1 H + O + M ↔ OH* + M 6 × 10
14 0.0 6940 [37] 

  3.1 × 10
14 0.0 10,000 [45] 

  5.45 × 10
12

   [40] 

  3.63 × 10
13

   [43] 

  1.2 × 10
13 0.0 6940 [36] 

R2 H + OH + OH ↔ OH* + H2O 1.45 × 10
15

   [40] 

R3 CH + O2 ↔ OH* + CO 3.24 × 10
14

 -0.4 4150 [45] 

  1.8 × 10
11

   [43] 

  3.72 × 10
10

 0 167.2 [44] 

      Q1OH OH* + H2O → OH + H2O 5.92 × 10
12

 0.5 -861 [38] 

Q2OH OH* + CO2 → OH + CO2 2.75 × 10
12 0.5 -968 [38] 

Q3OH OH* + CO → OH + CO 3.23 × 10
12 0.5 -787 [38] 

Q4OH OH* + H2 → OH + H2 2.95 × 10
12 0.5 -444 [38] 

Q5OH OH* + O2 → OH + O2 2.10 × 10
12 0.5 -482 [38] 

Q6OH OH* + OH →OH + OH 1.50 × 10
12 0.5 0.0 [36] 

Q7OH OH* + H → OH + H 1.50 × 10
12 0.5 0.0 [36] 

Q8OH OH* + O → OH + O 1.50 × 10
12 0.5 0.0 [36] 

Q9OH OH* + N2 → OH + N2 1.08 × 10
11 0.5 -1238 [38] 

Q10OH OH* + CH4 → OH + CH4 3.36 × 10
12

 0.5 -635 [38] 

 

It can be seen from Table 2.1 that the R1 rate constant (k1) reported in. the 

literature at 1800K varies from 1.72×10
12

 to 8.62×10
13

 cm
3
/mol⋅s, i.e., a variation of 

approximately 50 times. However, if the most recent rates for R1 are considered, k1 

would vary less, between 5.45×10
12

 and 8.62×10
13

 at 1800 K. Nevertheless, k1 given in 

[40] should not be considered as it was lowered to accommodate the contribution of R2 
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in that study. So, finally k1 would just vary by ~3 times from 3.63×10
13

 to 8.62×10
13

 at 

1800 K, if only recent rates for R1 are considered. Similarly, it can be seen that the rate 

constant of R3 as reported in literature varies from 3.55×10
10

 to 5×10
12

 cm
3
/mol⋅s at 

1800 K. It should be noted that the discrepancy in the absolute rate constant of R1 is 

lesser than that of R3. 

Another important difference between the models is the activation energy 

assigned for the reactions R1 and R3, which directly impacts the temperature dependence 

of the reaction rate constants. It should be noted, however, that the activation energy for 

R1, cited by the various sources is not very high. This implies that the reaction rate 

constant has weak temperature dependence except at low temperatures (for example, 

found in flames of lean equivalence ratios). The same is applicable for R3 also.  

Table 2.1 also lists the primary quenching collisions in simple H2/CO/CH4 flames. 

In lean methane flames with air as the oxidizer, H2O is the most effective quencher, while 

CO, CO2 and O2 are also important. However, in complex fuel systems such as Jet-A, 

there might be other quenchers such as alkanes, alcohols and aromatics as they are large 

molecules that may have significant quenching cross-sections. However, there is little 

research regarding the OH* quenching rates by these molecules. Another path of 

destruction of OH*, by chemical reaction, is possible. For example, in the case of H2 [46-

48],   

 OH* + H2 → H + H2O  

Experiments have shown that break up of the OH(A
2
Σ

+
)-H2 Van der Waals cluster 

produced a significant yield of H atoms [47]. In fact, most recent results conclude that 

only a small fraction of the products, less than 15%, arise from nonreactive quenching 
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while reactive quenching is the dominant product channel [48]. This approach is expected 

to be applicable to the collisional quenching of OH* by other partners (H2O, CO2 etc.) 

and for collisional quenching of other excited state species (for example, CH*) as well. 

The authors speculate that reactive quenching may be the norm in collisional quenching 

processes with large cross sections (H2O etc.) [48]. However to date, reactive quenching 

of OH* is considered only for H2 while few older studies have termed this pathway 

insignificant [43]. This aspect of quenching is not considered in this thesis due to lack of 

sufficient information.  

Absorption of the emitted photon by another ground state OH molecule before it 

reaches a detector is indirectly related to the whole process and can be estimated using 

the Beer-Lambert relation given by [49,50],  

 









−= ∫ ν

l

OH

o

dlpXk
I

I

0

exp . (3) 

where kv is the spectral absorbance coefficient, p is the pressure, XOH is the absorbing OH 

mole fraction and l is the absorbing path length. The absorption coefficient, kv, is a 

function of temperature and pressure [49]. It can be seen from Eq. 3 that the absorption is 

maximum when the product pXOHl is maximum. A numerical study in methane-air flames 

shows that this case corresponds to atmospheric pressure and near-stoichiometric 

conditions [31]. In methane-air premixed laminar flames at room temperature for 

different operating pressures (1-10 atm), the self-absorption was estimated to be a 

maximum of ~15% by the same authors [31], with the maximum absorption coefficient 

per unit pressure per unit length in the R-branch bandhead of the OH A-X (0,0) band 
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being ~20atm
-1

cm
-1

 at similar experimental conditions [50]. Self-absorption in high 

pressure H2-air flames may be higher, because of higher molar concentrations of OH.  

The chemiluminescence emission from excited OH* can also be absorbed by 

other molecules other than ground state OH. In fact, in a recent shock tube study, the 

absorption spectra for CO2 and H2O were measured between 190 and 320nm in 900-3050 

K temperature range and it was found that both CO2 and H2O become significant 

absorbers in the UV region at high pressure and temperature conditions [51]. The 

absorption cross-section of CO2 has strong temperature dependence and increases by 4 

orders of magnitude at 193nm between 300K and 2000K with significant absorption by 

CO2 extending to wavelengths longer than 300nm at 3000 K. At room temperature and 

pressure conditions, CO2 and H2O (primary combustion products) are nearly transparent 

in this wavelength region (193-320 nm) and thus have been neglected as a source of 

potential UV attenuation in combustion diagnostics [52]. 

Thermal excitation is another way of exciting ground state OH molecules to the 

A
2Σ+

 state; though it is often considered negligible compared to the chemiluminescence 

pathway below 2000 K [36]. In a recent study with opposed flow oxy-methane diffusion 

flames, it was observed that the thermal excitation becomes the dominant mechanism for 

OH* production at oxygen contents above 35% [32], due to the high temperatures 

produced. In fact according to that study, for methane burning in pure oxygen, the 

thermal excitation is estimated to be more than an order of magnitude greater than the 

chemical excitation. Thermal excitation increases exponentially with temperature. 

Assuming OH molecules are in thermal equilibrium at temperature T, the ratio of 

molecules in the OH-A state to that in the ground state is approximately given by: 
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 ( ) )000,47exp(5.0 TKNN
totOHAOH −= . (4) 

With this approximation, the thermal [OH*] profile, and subsequently the spontaneous 

emission from this OH-A state can be calculated in the flames.  

2.3 CO2* Chemiluminescence 

The origin and structure of the CO2
*
 “blue continuum” emissions (because most 

of the light emitted is in the blue region of the electromagnetic spectrum) have also been 

investigated by various groups. However, its mechanism is probably the least understood 

when compared to OH* and CH* chemiluminescence. In early studies with H2/CO/O2 

flames, shock tubes, and flow reactors, researchers found that the emission intensity was 

proportional to the product of [CO] and [O] concentrations and concluded that a reaction 

similar to (R4) was the primary cause of CO2
*
 chemiluminescence [53].  

 CO + O → CO2
*
 (R4) 

Later in a series of low temperature, flow reactor studies, Pravilov et al. [54] identified 

the likely states involved in CO2
*
 chemiluminescence.  

CO(X
1
Σ

+
) + O(

3
P) → CO2(

3
B2) 

CO2(
3
B2) → CO2(

1
B2) 

CO2(
1
B2) → CO2(X

1
Σ

+
g) + hv 

CO2(
1
B2) + M → CO2(X

1
Σ

+
g) + M 

First an intermediate excited triplet state of CO2 is formed with the reaction of CO and O 

in their electronic ground states. The triplet state then rapidly transitions to an excited 

singlet state. The combination of these two steps is equivalent to (R4). The radiative de-

excitation of the single state produces the CO2
*
 chemiluminescence, with the radiative 

decay competing with collision quenching reactions. It is through the first step that the 
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emission rate becomes dependent on the concentrations of [CO] and [O]. This study also 

found that the CO2
*
 continuum has a spectral shape that changes only slightly over a 

range of temperatures. 

None of these studies investigated the individual rates for the detailed CO2
*
 

mechanism described above and further systematic research has to be done to investigate 

the effect of various collider molecules such as H2O and CO2 on CO2* 

chemiluminescence. However, one study claims that collisional quenching of CO2* 

chemiluminescence with O2 is highly temperature dependent and the quenching 

efficiency decreased by a factor of 35 as temperature increased from 206 to 353 K , and 

becomes negligible at flame temperatures [54]. Hence, rate constant data have only been 

reported for the overall rate of chemiluminescence emission at different temperatures and 

wavelengths. The most recent work is the shock tube study in H2-CO mixtures and 

review of previous work by Slack et al. [55]. They obtained spectrally resolved emission 

intensities for wavelengths from 250-700 nm and in the temperature range 1300-2700 K. 

It should be noted that for higher temperatures, interferences to the CO2
*
 continuum 

emission at wavelengths below 450 nm have been seen in carbon monoxide/oxygen 

systems due to the radiative combination of oxygen atoms and by the radiation resulting 

from the electronic excitation of O2 [56].. Moreover, a similar scenario is possible in 

hydrocarbon flames where emission from other molecules such as HCO, H2O can overlap 

with the UV-VIS continuum [57-59] and the CO2* chemiluminescence signal may be 

corrupted. As in the earlier study by Pravilov, Slack et al. found only a weak dependence 

of the spectral shape of the continuum emission on the temperature. Using these results, 
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they determined the spectrally integrated rate expression for the CO2
*
 chemiluminescence 

volumetric photon emission rate (in moles of photons),  

 
scm

mol
OCO

T

K
i
CO ⋅

−
×=

3

5 ]][][
1950

exp[108.6*
2

 (5) 

They also showed that this expression extrapolates well to the low temperature data of 

Pravilov. The magnitude and temperature dependence of this expression is different than 

the earlier results summarized in [53], which were used in a previous CO2
*
 modeling 

study [10].  

2.4 CH* Chemiluminescence 

The primary CH* emission in the UV-VIS region is due to the A
2∆→X

2Π (at 

~431nm) and B
2Σ-→ X

2Π (~390nm) transitions, with the 431 nm band usually 

dominating [1]. As was the case with OH*, the CH* chemiluminescence mechanism 

requires: 1) excited state formation reactions and their rates, and 2) collisional quenching 

and radiative relaxation rates that remove the excited state. Radiative rates and quenching 

data for CH* by major species of hydrocarbon combustion are available [38], though the 

quenching information is not as accurate as that for OH*. Various efforts have explored 

the CH* formation reactions and their corresponding rate parameters. Of the various 

proposed sources, research has focused on the following.  

C2 + OH → CH
*
 + CO (R5) 

C2H + O → CH
*
 + CO (R6) 

C2H + O2 → CH
*
 + CO2 (R7) 
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Gaydon [1] suggested reaction R5; this was later challenged, first by Brenig [60] 

and later by Grebe and Homann [61]. Brenig's experiments suggested that CH* formed 

from the reaction of ground state ethynyl radicals (C2H) with O atoms, which had been 

proposed earlier [62]. A recent shock tube study with methane-hydrogen mixtures 

supports R5 and R6 as the dominant CH* formation pathways for conditions in the range 

1200-2300K and 0.6-2.2 atm [63], though with large uncertainties in the rate parameters 

due to inadequate information on C2 kinetics. R5 may also be important in high order 

hydrocarbon (liquid) fuel systems where C2 is relatively more abundant. Devriendt et al. 

[64] in a pulsed laser photolysis study at low pressure determined the temperature 

dependence of R6 and concluded that the majority of CH* is produced by that reaction. 

Moreover, it was demonstrated that addition of excess O2 actually decreased the CH* 

yield in the pulsed laser photolysis [64] and the shock tube studies [63], which eliminated 

the O2 step (R7) in the analysis.  

However, Renlund et al. [65] suggested the importance of C2H with O2 rather 

than atomic oxygen (R6). In a recent flash photolysis study of acetylene at low pressure 

[66], the temperature dependence of R7 was evaluated; additionally the study concluded 

that R7 could contribute significantly to CH* chemiluminescence in hot flames and under 

fuel lean conditions. Absolute excited state concentrations of CH* were measured in low 

pressure methane-air premixed flames, and rate parameters for R6 and R7 were 

determined [7] and recently reanalyzed [40]. The R6 rate constant was found to be 

temperature independent, while R7 showed weak temperature dependence. 

In this study, four models proposed in the literature (designated by the last author 

of the reference source) were used to model CH* formation in methane and Jet-A flames. 
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Each is based on two of the formation reactions (R5-R7); the reaction rate parameters 

associated with each are listed in Table 2.2.  

Table 2.2. Chemiluminescence reaction mechanism to model CH* formation. Rate 

coefficients are expressed as k=AT
b
exp(-Ea/RT) with Ea in units of cal mol

-1
 and AT

b
 

in cm
3
mol

-1
s
-1
 for two body reactions or cm

6
mol

-2
s
-1
 for three body reactions (with T 

in K units). Einstein A coefficient for CH* is 1.85××××106 s-1[38]. 

# Reaction A b Ea Ref 

R5 C2 + OH ↔ CH* + CO 2 × 10
14 0 0 [63] 

R6 C2H + O ↔ CH* + CO 2.5(±0.8) × 10
12 0 0 [40] 

  5.2 × 10
11

 0 2600 [63] 

  1.08(±0.4) × 10
13

 0a 0 [64] 

  6.023(±3.0) × 10
12

 0 457 [66] 

R7 C2H + O2 ↔ CH* + CO2 3.2(±1.0) × 10
11

 0 1599 [40] 

  2.17(±0.8) × 10
10

 0 0 [64] 

  6.023 × 10
-4

 4.4 -2285 [66] 

      Q1CH CH* + H2O ↔ CH + 

H O 
5.3 × 10

13
 0 0 [38] 

Q2CH CH* + CO2 ↔ CH + CO2 2.41 × 10
-1

 4.3 -1694 [38] 

Q3CH CH* + CO ↔ CH + CO 2.44 × 10
12

 0.5 0 [38] 

Q4CH CH* + H2 ↔ CH + H2 1.47 × 10
14

 0 1361 [38] 

Q5CH CH* + O2 ↔ CH + O2 2.48 × 10
6
 2.14 -1720 [38] 

Q6CH CH* + N2 ↔ CH + N2 3.03 × 10
2
 3.4 -381 [38] 

Q7CH CH* + CH4 → CH + CH4 1.73 × 10
13

 0 167 [38] 

 

From the data listed in Table 2.2, the R6 rate constants (k6) reported in the 

literature varies from 2.5−10.8×10
12

 cm
3
/mol⋅s at 1800K, i.e., by approximately 4 times. 

Similarly, the rate constant of R7 as reported in the literature varies from 

2.17−24×10
10

 cm
3
/mol⋅s at 1800 K, by approximately 10 times. It should be noted that 

the discrepancy in the absolute rate constant of R6 is less than that of R7. It is also 

interesting to note that the ratio of rate constants (k6/k7) has a large variation, from 12 to 

500 at 1800 K. For two of the models [40, 64], the ratio (k6/k7) is almost constant while it 

decreases by a factor of four in the other model [66] in the temperature range 1400-
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1900 K. This has a direct bearing in the relative contributions of R6 and R7 to the CH* 

chemiluminescence yield.  

Table 2.2 also lists the primary collisional quenchers in simple H2/CO/CH4 

flames. In lean methane-air flames, N2 is the dominant quencher of CH* while H2O and 

CO2 are also important. However as noted for OH* in complex fuel systems (such as Jet-

A), large hydrocarbons may be important. Collisional quenching of excited CH molecule 

by alcohols and alkane molecules was recently studied in the temperature range 297-

653 K [67]. Heptane (C7H16) and butyl alcohol (C4H9OH) were the largest alkane and the 

alcohol molecules considered. It was found that the quenching rate increased with 

temperature for the collisional partners studied. It was also observed that the quenching 

of CH* by some molecules does not follow the Arrhenius relation, the same conclusion 

as a previous study [68]. It was generally found that the quenching rate constants of 

CH(A) increases with the number of carbon atoms in the alkane or alcohol molecule. 

Also, the quenching rate constant of CH(A) with alkane or alcohol is an order of 

magnitude higher in comparison to that of O2 [67]. Clearly, this is an important aspect 

that should be considered when modeling CH* chemiluminescence in higher 

hydrocarbon flames. Moreover, the CH* quenching with colliders such as N2 and H2O 

that have significant concentrations in typical flames, is not very accurate [38], in spite of 

a recent investigation [69]. Similarly as in the case of the OH(A) state [46-48], the 

possibility of reactive quenching of CH(A) state cannot be ruled out, even though the 

CH(X) state is usually found to be more reactive than the CH(A) state [70]. 

Unfortunately, very few studies have focused in this area of reactive quenching for CH*.  
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Absorption of the emitted photon by a ground state CH molecule is also 

theoretically possible, as was with the excited OH* molecule. However, in typical flame 

environments, particularly lean systems, the self-absorption mechanism is practically 

insignificant due to the very low concentration of ground state CH(X) molecules and its 

occurrence only in the thin reaction zone [31]. In other words, if Eq. (3) was used for 

CH* self-absorption, both l and XCH are extremely small for ground state CH molecules. 

Nevertheless, the emitted photons can be absorbed by other molecules such as CO2 and 

H2O [51].  

Another mechanism to produce CH* molecules is thermal (collisional) excitation 

from ground state CH. In a recent study of opposed flow oxy-methane diffusion flames, it 

was observed that the thermal excitation contributes less than 30% of the total 

chemiluminescence signal [32]. However, for low oxygen content, thermal production of 

excited CH (A) molecules is practically negligible. Assuming CH molecules are in 

thermal equilibrium at temperature T, the ratio of molecules in the CH(A) state to that in 

the ground state is approximately given by: 

 ( ) )401,33exp( TKNN
totCHACH −= . (6) 

With this approximation, the thermal [CH*] population, and subsequently the 

spontaneous emission from the CH(A) state can be calculated. Nevertheless, in most 

conditions, thermal excitation of ground state CH (X) is negligible compared to that 

produced chemically. The reasons for this cause are identical to that cited for self-

absorption viz. very small concentrations of ground state CH molecules and its 

occurrence in a narrow region of the flame. It has to be noted that unlike OH, CH does 
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not exist in the product gases for lean combustion and therefore, exists in regions of 

lower temperature, which further discourages thermal CH* production.  

In summary, there is a discrepancy in the information on the formation reactions 

of the excited state for OH* or CH* and their associated rate parameters, with the 

quenching reactions and rates known to reasonable accuracy. However for CO2*, it has to 

be noted that the only quantitative model in the literature is simplified and does not 

consider individual formation or quenching reactions and rates. The quasi-steady state 

assumption for the excited molecules is incorporated in the chemiluminescence modeling 

approach used here and presented in detail in the next chapter for OH*, CH* and CO2* 

chemiluminescence modeling.  
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CHAPTER 3  

MEASUREMENT AND MODELING APPROACHES 

 

The details of the various combustors used for acquiring flame 

chemiluminescence spectra and the data reduction procedure to extract CO2*, OH* and 

CH* chemiluminescence signals from the raw spectrum are described in detail in the first 

section of this chapter. A brief description of the modeling efforts, the leading kinetic 

models considered and the procedure for comparing the experimental results with the 

numerical simulation are discussed in the subsequent section. Finally, various sources of 

uncertainties associated with the measurements are presented. 

3.1 Experimental Setup 

Experiments were conducted to validate existing chemiluminescence mechanisms 

for CO2*, OH* and CH*. To check the accuracy and robustness of the different 

mechanisms, experiments were systematically carried out by varying important 

combustor parameters such as equivalence ratio, pressure, reactant preheat, dilution and 

fuel type. Each experimental facility employed broadly consists of two subsystems: 1) the 

burner and 2) the flame chemiluminescence detection system, including 

collection/imaging optics and detector. The burners are further classified based on the 

fuel type and the operating pressure. Based on this classification, detailed descriptions of 

the experimental facilities and the data reduction procedure are presented in the following 

sections. 
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3.1.1 Burners 

Chemiluminescence spectra were obtained in premixed gaseous (syngas mixtures 

and methane) and liquid fuel (Jet-A) systems. The gaseous fuels investigated in this study 

are: 1) H2-CO syngas system and 2) methane (the primary component of natural gas). Jet-

A, a liquid fuel, is relevant in aeropropulsion. The gaseous fuels were studied at 

atmospheric and elevated pressure, while the Jet-A experiments were limited to 

atmospheric pressure. Descriptions of the atmospheric facilities are presented first, 

followed by the elevated pressure facility.  

3.1.1.1 Atmospheric Pressure 

Atmospheric experiments with syngas mixtures were conducted in a facility that 

was previously used for laminar flame speed measurements [71] as shown in Figure 3.1. 

The desired syngas mixture is first prepared using a bank of calibrated rotameters, one for 

each gas in the mixture. The fuel mixture is split into two flows after mixing thoroughly 

with the desired amount of fuel passing through another rotameter (calibrated for the 

particular fuel composition) and the remainder flared in a diffusion flame. Finally, the 

required quantity of air is added, and the mixture goes to the burner. The burner is a 

straight cylindrical stainless steel tube with an inner diameter of 4.5 mm, the length 

chosen to ensure the flow is laminar and the exit velocity profile fully developed. The 

rotameters used for the flow rate measurements were calibrated with a bubble flow meter 

to ±1% accuracy, implying a maximum error of 2 % in equivalence ratio. To study the 

effects of preheating, the reactants are heated by electrical resistance tape wound around 

the burner tube. The desired reactant temperature (temporarily measured at the center of 

the burner exit by a type-K thermocouple, TC1) is achieved by regulating the surface 
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temperature of the burner with a temperature controller based on the feedback of a second 

thermocouple, TC2. The mixture temperature at the exit of the burner has a nearly 

uniform radial profile (∆T≈3-5 K). The data presented here correspond to mixtures with 

H2:CO volumetric ratios of 95:5, 50:50 and 33:67. Additionally for the H2:CO =50:50 

mixture, two further cases were studied: reactant preheating to ~500K and 20% dilution 

with CO2.  
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Figure 3.1. Schematic of the laminar flame experimental setup for syngas fuel 

mixtures.  

For methane, chemiluminescence spectra were also acquired in simple laminar jet 

flame, as well as a swirl-stabilized combustor. The laminar burner (Figure 3.2a) is a again 

a straight cylindrical stainless steel tube, with the length sufficient to ensure a fully 

developed laminar exit velocity profile. The average velocity used was at least five times 

greater than the estimated laminar flame speed. A burner diameter of 25 mm was used for 

mixtures with equivalence ratio (Φ) less than 0.75, and 18 mm otherwise.  Additionally, 
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  (a)      (b) 

Figure 3.2. Experimental schematic of a) laminar and b) swirl-stabilized methane 

combustors. Methane-air pilot was used to stabilize laminar flames in 25 mm OD 

burner.  

 a methane-air pilot was used to stabilize the flames for the larger burner diameter case. 

Calibrated rotameters monitored the methane and air flow rates with ±1% accuracy, or a 

~1.5% uncertainty in equivalence ratio. The swirl combustor (shown in Figure 3.2b) was 

employed in an earlier chemiluminesence study [4]; it has a (theoretical) swirl number of 

0.66. The combustor is a dump type configuration with the cylindrical dump plane being 

70 mm in diameter and 127 mm long. The quartz walls of the test section facilitate 

detection of ultraviolet (UV) flame emission. The data presented here correspond to a 

bulk average (cold) velocity of 4-5 m/s in the test section. For similar combustors, the 

turbulent flame structure is usually either in the corrugated flamelet or thin reaction zone 

regime.  
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Figure 3.3. Schematic of Jet-A experimental setup (TC=thermocouple). Methane-air 

pilot was used to stabilize flames in the 25 mm OD burner.  

Jet-A flame chemiluminescence data was acquired in an atmospheric laminar 

burner. Jet-A, being a liquid fuel, was first vaporized and then mixed with air to obtain a 

laminar, prevaporized, premixed flame. As shown in Figure 3.3, the liquid fuel, 

pressurized with N2 and monitored with a calibrated rotameter, is vaporized in a straight 

tube maintained at a wall temperature of 573 K. Mixing occurs with air preheated to 

~393 K to prevent fuel condensation. Further heating of the mixture is controlled by 

feedback from a thermocouple placed close to the burner exit. The heating is achieved 

with electrical resistance tape surrounding the burner tube, which had a diameter of 

25 mm for mixtures with equivalence ratio (Φ) less than 0.7, and 10 mm otherwise. The 

fuel rotameter had ± 3% accuracy, resulting in a maximum error of 3.3% in equivalence 

ratio.  
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3.1.1.2 High Pressure Facility 

The schematic of the high pressure experimental facility is shown in Figure 3.4a. 

It was previously used for laminar flame speed measurement at elevated pressure for 

syngas mixtures [71,72] and more details on the facility can be found in these references. 

The burner is a smoothly contoured nozzle with high contraction ratio, which ensures 

steady laminar flow even at the relatively high Reynolds number (based on the burner 

exit diameter D) characteristic of high pressure systems. The exit diameter of the burner 

is 6 mm, with a corresponding contraction ratio of 61. The flame is stabilized by a 

sintered plate-stabilized pilot around the rim of the nozzle exit.  
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Figure 3.4. (a) Schematic high pressure Bunsen flame experimental setup 

(TC=thermocouple). (b) Typical image of flame emission at 15 atm and 600 K 

preheat temperature (80:20 H2/CO fuel mixture, 10:90 O2:He oxidizer). 

The reactant mixture, with desired composition and flow rate, is prepared in a 

similar fashion to the atmospheric pressure syngas facility. This mixture is sent through a 
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plenum after mixing thoroughly, and is preheated by electrical resistance tape wrapped 

around the plenum. Ceramic flow straighteners in the plenum remove any unsteadiness in 

the incoming flow. The contoured nozzle is attached at the end of the plenum. The 

reactant temperature is monitored by a type-K thermocouple, TC1 placed 2.5 cm 

upstream of the nozzle exit, at the center of the burner. Once the desired reactant 

temperature is achieved, the surface temperature of the plenum is regulated and held 

constant by a temperature controller based on the feedback given by a second 

thermocouple TC2. The entire system is placed in a high pressure vessel with a N2 

coflow. The vessel is designed for 30 atm and has optical access suitable for 

chemiluminescence spectra acquisition. A sample image of the recorded flame emission 

at elevated pressure and temperature condition for a typical fuel mixture is shown in 

Figure 3.4b. 

It should be noted that laminar flames for lean H2:CO and methane mixtures at 

elevated pressure have a propensity to develop spontaneous wrinkles on the flame surface 

primarily due to hydrodynamic and thermo-diffusive instabilities. So, N2 in the oxidizer 

(air) was replaced with helium (He) to suppress the formation of flame surface 

instabilities [73]. Addition of He improves the thermal and mass diffusivity of the 

reactant fuel mixture, and increases the flame thickness and Lewis number (Le). It has 

been previously noted that replacing N2 with He does affect the flame temperature, but 

does not affect the fundamental chemistry [73]. An O2/He mixture with 1:9 volumetric 

ratio for syngas and 1:5 volumetric ratio for methane was chosen for all the test 

conditions considered in this study. Experiments were performed in a syngas mixture of 

H2:CO=33:67 and methane at pressures of 5 atm and 10 atm. 
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3.1.2 Detection System 

The optical emission from both atmospheric and high pressure systems was 

detected with a fiber-optic based collection system coupled to an imaging spectrometer. 

The fiber collection array consisted of four bundles, each bundle having three 200µm 

fused silica fibers with a numerical aperture of 0.22. The outlet end of the fibers were 

located at the entrance slit of a 300 mm imaging spectrometer (Acton Spectra-Pro 300i, 

300 grooves/mm grating), with a 16-bit, 1024×256 intensified CCD camera (PI-MAX, 25 

mm intensifier) at the exit plane that was used to detect and record the flame emission 

spectrum. The grating dispersion allowed simultaneous capture of the ultraviolet and 

visible optical emission spectrum in the range of ~260–540 nm. The resolution of the 

spectrometer (with the entrance slit width set to 100 µm) was ~2 nm; this includes both 

dispersion and diffraction effects. This value was determined from the full-width at half-

maximum intensity for diffusely scattered light from a 633 nm He-Ne laser beam. In 

most cases, 10 to 25 exposures were acquired at each operating condition. For most of the 

atmospheric pressure syngas and turbulent methane studies, the  camera exposure time 

was 100 ms and intensifier gain was 80. However, variable exposure times (∆tE) ranging 

from 150 to 2000 ms, and a gain of 200 were used to improve the signal-to-noise ratio in 

the high pressure experiments. These settings were also used for comparison purposes in 

selected sygnas atmospheric studies and in all the laminar atmospheric methane 

experiments. Spectra acquired without the burner operating were used to subtract the dark 

camera and room light background from each exposure.  



www.manaraa.com

 34 

Example spectra for stoichiometric syngas and rich methane flames are shown in 

Figure 3.5. The OH* and CH* bands, and the broadband CO2* emission are indicated.
*
 

The OH
*
 signal, SOH*, was found by integrating the (0,0) band emission over a 10 nm 

bandwidth centered at the band peak (~309 nm). First however, the continuum 

background underneath the OH* band was estimated by fitting the region neighboring the 

OH* band with a cubic polynomial and subtracted from the spectra. The CH
*
 signal, 

SCH*, was found in a similar fashion using a 10 nm bandwidth around the 430 nm CH 

band. Instead of using the complete broadband CO2
*
 emission, a small portion at 375nm, 

separated from both the OH* and CH* emission, was used to represent the CO2* signal, 

SCO2
*. While no spectral integration was used for this signal, the spectrometer resolution 

results in an effective spectral integration of 375±1nm. The choice of 10 nm for 

integration bandwith was somewhat arbitrary, though it matches the spectral resolution of 

interference filters used in chemiluminescence sensing applications. Analysis of the data 

with 5 and 20 nm bandwidths did not change the results presented in Chapters 4 and 5 in 

a significant way. For example, SOH* changed by a multiplicative constant that was 

independent of operating conditions.  

                                                 

 
*
 Two C2* bands can also be seen for the rich methane flame; for lean methane combustion, the C2* 

features are much less pronounced. 
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Figure 3.5. Flame spectra from methane and syngas flames: spectra shown were 

recorded with higher resolution than the validation data reported in this thesis.  

In order to compare the absolute chemiluminescence data to the computational 

results, it is necessary to relate the total emission, Pc (photons s
-1

) to the detector signal Sc 

(counts) for an excited-state species c. The detector signal Sc is given by 

 EccEccc tR
LD

PtRPS ∆≅∆
Ω

= λλ π
π

π 4

4

4

22

 (7) 

where Ω is the collection solid angle, Rλc (counts/photon) is the wavelength dependent 

responsivity of the overall detection system and ∆tE is the exposure time of the camera. 

The distance from the optical fibers to the emission source, L, determines the solid angle, 

which is approximately given by πD
2
/4L

2
, where D is the diameter of the fiber core.  

The burners had different collection arrangements because of the inherent 

differences in their flow fields. In all the cases, the fiber was used to collect 

chemiluminescence signals without any lenses placed in front. While lenses can be used 

to restrict the collection volume and thus localize the measured region, this is not 
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necessary for capturing global chemiluminescence data. For the swirl combustor used for 

the methane measurements, the fiber was placed at a fixed location about 95 mm away 

from the combustor wall and 35 mm above the base of the combustor. This allowed the 

fiber to collect light from most of the flame region. Due to the swirl-stabilization, the size 

of the flame did not change greatly with changes in fuel-air ratio. As the laminar syngas 

and methane flames have a conical structure, the total flame chemiluminescence was 

most efficiently captured by moving the fiber along a line perpendicular to the flame axis. 

In the high pressure set-up, the optical fiber is placed on a horizontal traverse outside the 

pressure vessel and is aligned such that the line of sight of the fiber passes through the 

center of the burner. The fiber is vertically fixed at the same level as the nozzle exit. The 

distance from the flame to the fiber was chosen such that the entire flame cone was 

within the collection solid angle of the fiber, and in most of the flames, far enough such 

that the chemiluminescence signal intensity approximately followed the inverse square 

law or in other words was proportional to the solid angle of the flame as seen by the fiber. 

At this distance L, all points in the flame subtend a very small angle at the fiber head and 

are approximately equidistant from the fiber head. This distance is obviously related to 

the extent of the flame and is achieved at L≥10h, where h is the flame height. In simple 

laminar premixed flames, the flame height is proportional to the total volumetric flow 

rate and it is expected that flame chemiluminescence normalized with total flow rate be a 

constant for a given equivalence ratio irrespective of the total flow rate. The acquired 

chemilumiescence data should be consistent with this observation. The above approach 

will help in correcting for changes in solid angle and flow rate (flame height) variations 

and thus help in comparing data at various conditions (including geometry). For example,  
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Figure 3.6. Normalized OH* and CH* chemiluminescence signal variation with the 

normalized distance of the fiber from the flame. Open symbols (lower flow rate), 

Closed symbols (higher flow rate).  

in a near stoichiometric Jet-A flame with two different total flow rates, the CH* and OH* 

signals normalized with fuel mass flow rate (Figure 3.6) reach an almost constant value at 

L~10h. It is interesting to observe that the normalized chemiluminescence signals 

increase ~3 times over the range of L/h values considered. A similar trend is observed for 

the syngas and methane laminar flames. The results indicate that this is a robust approach 

that would eliminate the dependence of signals on flame height and therefore on total 

flowrates. However, if you are sufficiently far away from the flame, the fiber can be fixed 

and chemiluminescence signals can be acquired irrespective of the flame height 

variations. This approach was used in some of the high pressure experiments where the 

flame heights varied from 12-18 mm and the fiber was always horizontally positioned at 

a distance L = 200 mm, satisfying the condition L≥10h for all cases. The fiber being at a 
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fixed distance from the flame implies a constant solid angle, which eliminates the need to 

correct the data for variations in solid angle etc. and the data can be compared as it is. 

However, being very far away from the flame results in lower signal intensities which has 

to be compensated by acquiring data at higher intensifier gain and/or exposure settings.  

3.2 Chemiluminescence Modeling 

As noted previously, the goal of this work is to validate the existing 

chemiluminescence kinetic mechanisms for OH*, CH* and CO2* before using the 

validated models to predict the dependence of chemiluminescence on important 

combustion flow variables. To accomplish this, the OH*, CH* and CO2* 

chemiluminescence mechanisms listed in Table 2.1 and Table 2.2 (Chapter 2) were used 

in conjunction with standard simulations tools for simple premixed flames.  

OH*, CH
*
 and CO2* chemiluminescence were modeled in the syngas, methane 

and Jet-A flames over a range of lean to stoichiometric equivalence ratios. Detailed 

chemical kinetic calculations were performed for one-dimensional, adiabatic, unstrained 

flames with the PREMIX algorithm of the CHEMKIN 4.1 package. For adiabatic, 

opposed and strained flames, the OPPDIFF tool from the same software package was 

used. For simulating product recirculation, a reactor network, as shown in Figure 3.7, was 

employed that combined a chemical equilibrium solver, a non-reacting gas mixer and 

PREMIX. Equilibrium products at a given equivalence ratio are mixed with a known 

mass of fresh reactants; then laminar flame calculations (using PREMIX) are carried out 

with the resulting mixture.  
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Figure 3.7. CHEMKIN block diagram for simulating EGR.  

For simulating the flames, four reaction mechanisms are utilized in this study: 

(1) GRI Mech 3.0 [74], (2) the C1 mechanism of Li et al. [75], (3) the C1-C3 San Diego 

mechanism [76] and (4) a reduced mechanism for Jet-A by Elliott et al. [77]. The GRI 

Mech 3.0 mechanism was used for methane-air and syngas-air mixtures. The GRI 

mechanism has been tested and validated extensively for methane and natural gas 

combustion over a range of pressures and temperatures. It consists of 325 elementary 

chemical reactions with associated rate coefficients and thermochemical properties for 

the 53 species involved. The C1 mechanism is a hierarchically developed, detailed kinetic 

mechanism for oxy-hydrogen and C1 species (e.g., CO, CH2O and CH3OH). It consists of 

85 elementary reactions and 21 species with associated rate coefficients and 

thermochemical data. This mechanism was specifically used for validating the high 

pressure syngas experiments as the oxidizer included helium (He), which is not present in 

the GRI Mech 3.0 mechanism. For the same reason, the San Diego C1-C3 mechanism was 

preferred over the GRI Mech 3.0 mechanism for validating the high pressure methane 

experiments. The mechanism, relevant to flames, high-temperature ignition and 

detonations for various C1-C3 fuels, consists of 235 elementary reactions and 46 species 

(including helium). The fourth mechanism was developed for oxidation of kerosene type 

fuels using a novel genetic algorithm approach for detailed mechanism reduction and 
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optimization. The mechanism uses a surrogate mixture of 89% n-decane and 11% 

toluene, to represent the Jet-A fuel chemically. The reduced mechanism comprises 167 

elementary reactions and 63 species with associated rate coefficients and thermochemical 

data. In all the flame simulations, a converged solution was obtained by setting the grid 

properties such as the gradient and curvature to be 0.1, to accurately resolve the thin 

reaction zones in flames. Multi-component diffusion and Soret effects (thermal diffusion) 

are included in both PREMIX and OPPDIFF simulations, since they can be important, 

especially in fuels with even moderate levels of hydrogen.  

There are two basic approaches that can be taken in coupling the 

chemiluminescence mechanisms to the standard simulation: (1) adding the 

chemiluminescence formation and quenching reactions into the detailed chemical 

mechanism before carrying out the simulation, or (2) post-processing the standard 

simulation results. In flames, as mentioned earlier (Chapter 2), the electronically excited 

species concentrations are typically quite small compared to the ground-state 

concentrations, and the quasi-steady state approximation can be used for the excited-state 

concentration to post-process the results. For example, under this assumption, the 

concentration of OH
*
 (e.g., moles/cm

3
) is given by  

 

AMk

OCHkOHOHHkMHOk
OH

j

jj +

++
=

∑ ][

]][[]][][[]][][[
][ 2321*  (8) 

where k1, k2 and k3 are the rate constants for the three suggested formation reactions (R1-

R3), kj is the quenching rate constant for OH
*
 by species j, [Mj] is the concentration of the 

quencher, and A is the Einstein coefficient for spontaneous emission for the OH A→X 

transition. (Note: the spontaneous emission rate is typically insignificant compared to the 
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collisional quenching). Thus the OH
*
 concentration can be calculated from the local 

concentrations of the other species and the temperature, i.e., from the results of the basic 

flame simulation. Results from an example calculation for a 50:50 mixture (by volume) 

of H2:CO with stoichiometric air are shown in Figure 3.8. A single formation reaction 

reaction (R1), with the rate constant from [37], was used in this example to calculate 

[OH
*
]. The peak [OH*] for this syngas fuel is at least eight orders of magnitude lower 

than those of the other species involved in the [OH*] reactions. Similar results can be 

observed at high pressure and high temperature conditions for syngas mixtures. 
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Figure 3.8. Sample CHEMKIN output for stoichiometric H2:CO=50:50 syngas-air 

mixture at atmospheric (P=1atm) and non-preheated (T=298K) conditions. [Xi] (mol 

cm
-3
) denotes species concentrations and iOH* (mol cm

-3
 s
-1
) represents the 

volumetric photon emission rate for OH*.  

For methane-air mixtures, however, the peak of the excited state OH* 

concentration is only about 5-6 orders of magnitude below most of the other species 

involved in its reactions (at all stoichiometries, pressure and preheat conditions 
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considered). The only exception is [CH], with a peak value that is 2-3 orders of 

magnitude above [OH*]. Results from an example calculation for a stoichiometric 

methane-air mixture at elevated pressure and preheat temperature are shown in Figure 

3.9. In this example, formation reactions R1 and R3 are used in tandem, with the rate 

constants from [37] and [45], used to calculate [OH
*
]. Using a similar analysis as above, 

i.e., the quasi-steady state approximation, the concentration of CH* in hydrocarbon 

flames can be estimated by 
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Figure 3.9. Sample CHEMKIN output for stoichiometric methane-air mixture at 15 

atm and 698 K preheat condition.  
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where k6 and k7 are the rate constants for the formation reactions (R6-R7), kj is now the 

quenching rate constant for CH
*
 by species j, and A is spontaneous emission coefficient 

for the CH A
2
∆ - X

2
Π transition. It can be see in Figure 3.9 for a stoichiometric methane-



www.manaraa.com

 43 

air mixture that the excited state [CH*] is at least 3-6 orders of magnitude smaller than 

most of the species involved in its reaction mechanism, justifying the post processing 

approach for CH*. In other words, including the formation and quenching reactions for 

CH* in the simulation would not significantly alter the primary combustion chemistry. 

Therefore, OH* and CH* chemiluminescence intensities were determined by post-

processing the Chemkin output with the rate parameters given in Chapter 2 (Table 2.1 

and Table 2.2). 

Next, the volumetric photon emission rate ic(mole-photons cm
-3

 s
-1

) for the 

chemiluminescence from species c (e.g., OH* or CH*) is given by  

 ][ *CAi klc =  (10)  

where Akl is an effective band Einstein A coefficient based on the vibrational bands 

included in the detection bandwidth. Figure 3.8 also includes the calculation of *OH
i ; 

most of the OH* emission is seen to occur in the narrow primary reaction zone (where 

the peak heat release occurs), though it also extends into the product gas region.  

For CO2*, the literature does not provide individual rates for the formation, 

quenching and emission rates. Rather, the quasi-steady assumption was used to justify the 

volumetric photon emission rate given in Eq. (5). Thus for the available CO2
*
 

chemiluminescence model, post-processing is a necessity. However, the rate given in Eq. 

(5) is for the spectrally integrated emission. For combustion sensing applications, limiting 

the spectral detection bandwidth for the CO2
*
 continuum provides several advantages. 

For example, detection in the near ultraviolet can be used to reduce interferences due to 

broadband radiation from thermal sources, e.g., combustor walls. Similarly, it is 

important to choose a detection wavelength that isolates the CO2
*
 chemiluminescence 
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from the other species. For these reasons, we identified 375 nm as a promising detection 

wavelength. A previous study reached a similar conclusion [78]. Spectral data at 375 nm 

for CO2* was extracted from the spectral data provided by Slack et al. [55], and using 

similar analysis detailed in their paper, spectral photon emission rate at 375 nm was 

determined as given by the following expression.  

 ( )
nmscm

mol
OCO

T

K
i
CO ⋅⋅

−
×±=′

3

3 ]][][
2300

exp[103.03.3*
2

 (11) 

Since the CO2
*
 spectrum is relatively flat in a region of at least ±5 nm around this 

wavelength [55], the photon emission rate can be approximated by λ∆×′= *
2

*
2 COCO

ii , 

where ∆λ is the spectral integration extent of the detected emission. 

In order to compare the model results (for OH
*
, CH* and CO2

*
) to the global 

flame chemiluminescence data from the experiments, it is necessary to calculate the 

spatially integrated chemiluminescence. Thus the profiles through the 1-d simulated 

flames were integrated according to  

 ∫=
iL

cc dxiI

0

 (12) 

where Ic is the emission intensity for species c, and Li is the integration length, which 

should be much greater than the flame thickness. Li can also be chosen such that it 

corresponds to a combustor residence time. In such cases, the residence time is 

(arbitrarily) calculated with respect to the location in the flame where the heat release 

first reaches 1% of its peak value. The emission intensity (photons cm
-2 

s
-1

) is related to 

the total chemiluminescence emission Pc (photons s
-1

) produced by the flame through the 

relation,  
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 where Af is the flame surface area, m& is the mass flow rate through the flame, ρu is the 

reactant density and SL is the laminar flame speed. Alternatively, the chemiluminescence 

normalized by the fuel mass flow rate is given by 

 






 +
=

Lu

fa

c

f

c

S

mm
I

m

P

ρ

&&

&

1
 (14) 

where am& and fm& are the air and fuel mass flow rates.  

3.3 Measurement Uncertainties 

In this section, the uncertainties in all the measured quantities, especially the 

normalized chemiluminescence OH*, CH* and CO2* signals, are outlined. The main 

contributors to experimental uncertainties are related to flow metering and the camera 

detection system. The main source of systematic error comes from assuming the flame 

(an extended light source) is a point source.  

First, the uncertainty due to flow metering is considered. Based on this 

uncertainty, the error in equivalence ratio can be estimated. This can also be used to 

estimate the uncertainty in the normalized chemiluminescence signal based on fuel mass 

flow rate. The flow metering system is a bank of rotameters, each for one gas, except in 

the case of liquid Jet-A fuel. For the gaseous systems, these rotameters are calibrated with 

a bubble flow meter or wet test meter to  ± 1% accuracy for each gas and pressure 

condition, i.e., correction factors are not used either for molecular weight or density. The 

liquid fuel flowrate was calibrated indirectly by measuring the mass of the liquid and the 
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volumetric flowrate was deduced based on its density to an accuracy of  ± 3%. For the 

high pressure experiments, the reactant mixture bypass was calibrated by a Gilibrator-2 

bubble flow meter, which has an error of ~  ± 7%. The combined standard uncertainty of 

any measured quantity is estimated by “root-sum-of-squares” (RSS) method. For 

example, the standard uncertainty (or standard deviation) on the equivalence ratio is 

estimated to be 222 111 ++± % for a two-component fuel mixture, i.e, two fuels and 

one oxidizer - hence, the total uncertainty is the sum of three uncertainties. In the case of 

the Jet-A flames, the uncertainty on the equivalence ratio is estimated to be 22 13 +± % 

or ± 3.2 %. At elevated pressure, the equivalence ratio uncertainty is found to be ± 2% for 

syngas and 3± % for methane experiments, but the total flow rate of the mixture is only 

known to within ± 7%. 

The OH*, CH* and CO2* chemiluminescence intensities are extracted from 

background subtracted flame spectra. The uncertainty in estimating the background for 

OH* and CH* bands (with a cubic polynomial) would lead to a maximum uncertainty of 

~5% in SOH* and SCH*. As mentioned in an earlier section, typically 10-25 exposures or 

frames are recorded and the reported chemiluminescence intensities are based on the 

average of these images. In the atmospheric syngas systems, with low gain settings (80), 

the fluctuations of the OH* and CO2* chemiluminescence signals (on a per frame basis) 

from the average intensity (based on all frames) were higher for very lean equivalence 

ratios (φ<0.7) and especially for the CO2* signal for high H2 mixtures. Similarly in case 

of methane flames, higher levels of noise were observed for CH* and CO2* 

chemiluminescence in lean mixtures. However, the high pressure experiments with 

syngas and methane were performed with higher gain (200) and camera exposure 
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settings, and the errors were considerably lesser. Still, the uncertainties increased at very 

lean equivalence ratios. In Jet-A flames, the uncertainties were in general lower due to 

higher signals resulting from combustion of heavy hydrocarbon fuel components. The 

uncertainty (ec) in the mean chemiluminescence signal intensity is calculated from 

 







∗

σ
±= CLF

n
ec

(%)
 (15) 

where σ  is the standard deviation, n is is the number of measurements, and CLF 

(confidence level factor) is assumed to be 1.96 for a 95% confidence. Table 3.1 presents 

the worst case uncertainties in mean OH*, CH* and CO2* chemiluminescence signals for 

various fuels and operating conditions investigated in the present study. Hence, the 

maximum combined standard uncertainty on the chemiluminescence signals normalized 

with fuel mass flow rate would be 22
fc ee +± , where ec and ef are the uncertainties in the 

chemiluminescence signal and fuel flow rate respectively. This results in a ± 5% 

uncertainty for the normalized chemiluminescence signals, for most of the operating 

conditions, except for very lean cases where this uncertainty could increase to as much as 

± 10%. However, as can be observed in Figure 3.6, the experimental variation in the 

normalized chemiluminescence signal in the range of values taken by L/h (~8-12) can be 

as much as ± 15% even for near stoichiometric flames where the chemiluminescence 

signal intensities are high (and thus the signal-to-noise ratio is high). 
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Table 3.1. Worst case uncertainty in mean chemiluminescence signals and fuel mass 

flow rate in the experimental conditions investigated. 

P(atm), T (K) Fuel / Oxidizer 
CO2* 

(%) 

OH* 

(%) 

CH* 

(%) 

ef 

(%) 

1atm, 298 K, φ=0.6  H2:CO=95:5 / air 11.2 1.2  1.4 

1atm, 298 K, φ=0.6 H2:CO=50:50 / air 4 1.6  1.4 

1atm, 298 K, φ=0.7 H2:CO=33:67 / air 1.8 1.2  1.4 

1atm, 498 K, φ=0.6 H2:CO=50:50 / air 1.9 0.6  1.4 

1atm, 298 K, φ=0.65 H2:CO:CO2=40:40:20 / air 3 2.2  1.7 

5atm, 298 K, φ=0.7 H2:CO=33:67 / O2:He=1:9 2 3.5  1.4 

5atm, 598 K, φ=0.8 H2:CO=33:67 / O2:He=1:9 1.4 1  1.4 

      

1atm, 450 K, φ=0.73 Jet-A / air 2.7 2.7 4 3 

      

1atm, 298 K, φ=0.6 Methane / air 6.5 1 15 1 

10atm, 298K, φ=0.73 Methane / O2:He=1:5 4.5 1.4 7 1 

5atm, 598K, φ=0.64 Methane / O2:He=1:5 3.3 1 2.9 1 
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CHAPTER 4  

SYNGAS MODELING VALIDATION 

 

As detailed in Chapter 2 (Table 2.1), two of the OH* formation reactions (R1 and 

R2) involve hydrogen chemistry, while the third (R3) arises only in hydrocarbon systems. 

So experiments were carried out first for H2:CO (syngas) fuel mixtures to test the 

chemiluminescence mechanisms and rates of formation reactions R1 and R2. In addition 

to OH*, CO2* is the other prominent emitter in the ultraviolet and visible region of the 

electromagnetic spectrum in simple syngas fuel mixtures. Thus this chapter presents a 

research effort with an aim of identifying the important chemiluminescence formation 

reactions and their kinetic parameters, for the excited species OH* and CO2* in typical 

syngas flames. The validation experiments were carried out in laminar flames, and the 

robustness of the chemiluminescence mechanisms were tested by examining various 

operating conditions such as equivalence ratio, reactant preheat, pressure and fuel 

composition. 

Experimental chemiluminescence signals are compared to the numerical 

simulation results for validation. The photochemistry for OH* and CO2* 

chemiluminescence is first validated in flames with various mixtures of H2-CO-CO2 

(syngas) fuels and air at atmospheric pressure (Section 4.1). Then results are presented 

for elevated pressures (Section 4.1), performed for a more limited set of syngas fuel 

compositions with an oxidizer composed of a 1:9 mixture of oxygen and helium instead 

of air. As potential sources of uncertainty in the validations, estimates of the contribution 
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of thermally excited OH* (Section 4.3) and OH* self-absorption (Section 4.4).are also 

presented.  

4.1 Atmospheric Pressure Validation 

Chemiluminescence data was acquired in three syngas fuel mixtures: H2:CO 

volumetric ratios of 95:5, 50:50 and 33:67 premixed with air and exiting a straight tube 

burner. For the 50:50 mixture, reactant preheating to ~500K and 20% dilution of the fuel 

with CO2 was used to further test the mechanisms. Additionally for better comparison to 

the high pressure results, data at atmospheric conditions was acquired in the contoured 

laminar burner with high intensifier gain (200) for the 95:5 and 50:50 syngas mixtures, 

and with the collection fiber placed such that L/h~10.  

As noted in Chapter 3, the measured and simulated chemiluminescence signals 

are compared after being spatially integrated over the flame. Thus it is important to 

determine the proper integration length (Li) for the simulations (see Eq. 12). For the 

syngas flames, the size of the region captured by the optical fiber is ~20-50 mm, 

depending on the distance from the fiber to the flame. However, the part of the optical 

collection region that includes the reaction zone and hot flame gases (locations where 

chemiluminescence might be expected to be produced) ranges from ~6-12 mm 

downstream of the flame. Since the “experimental” integration length varies from flame 

to flame (and within a single flame), the question arises, what is the sensitivity of the 

simulated chemiluminescence signal to the integration length.  

Example simulation results for an atmospheric H2:CO=95:5 mixture at φ = 0.8 are 

shown in Figure 4.1. The simulation uses the R1 formation reaction with the rate constant 

from [37]. The figure shows spatially integrated heat release rate (Q), and IOH* and ICO2
* 
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signals as a function of the integration distance through the 1-d flame. The origin for the 

integration was chosen to be the start of the primary reaction zone, defined to be the point 

where the heat release rises to 1% of its peak value. The profiles are normalized by the  
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Figure 4.1. Simulation results of normalized integrated heat release rate, normalized 

OH* and normalized CO2* chemiluminescence signal profiles.  

integrated value achieved at 30 mm. Most of the OH* signal occurs coincident with the 

heat release. While the heat release rises first, the integrated OH* chemiluminescence 

approaches a plateau value slightly earlier, within a few millimeters after the start of the 

reaction zone. On a relative basis, the CO2* chemiluminescence extends farther into the 

post-flame burnout zone (the extended region of low heat release). 

Still, there is little change in the integrated chemiluminescence signals for Li=6-

12 mm. For IOH*, the change is less than 1%, while for ICO2
* the variation is closer to 2%. 

Thus, the simulation results will only be weakly dependent on the choice of an 

integration distance between 6 and 12 mm for this type of flame, i.e., where most of the 
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chemiluminescence occurs in the primary reaction zone. Similar results were obtained for 

other lean mixtures. For a given fuel composition, the trend seen is that moving to a 

leaner mixture causes the plateau in the integrated chemiluminescence to become more 

coincident with the primary reaction zone. For an increasing fraction of CO in the fuel, 

the OH* and CO2* chemiluminescence signals extend farther from the primary heat 

release zone, with the CO2* signal effected more. For mixtures very close to 

stoichiometric, a more significant sensitivity to the integration length was observed, 

because a greater fraction of the chemiluminescence is produced in the high temperature 

product gases. For the same H2:CO=95:5 mixture at φ = 1, IOH* changes by 3% for Li 

ranging from 6-12mm, while for ICO2* the variation is nearly 9%. Since the lean cases 

showed little sensitivity to the choice of integration length, an Li=10 mm was chosen for 

the comparisons as it best matches the actual region imaged in the stoichiometric cases.  

We begin by considering the ratio of chemiluminescence intensities from CO2
*
 

and OH
*
. From Eqs. (1) and (7), the measured chemiluminescence signal ratio is related 

to the simulated ratio through the expression  
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Thus, the measured ratios are seen to be independent of many of the optical parameters of 

the experimental setup, such as the detector/spectrometer settings and collection solid 

angle, as well as the total flame size (or flame area or mass flow rate). In the ideal case, 

the measured ratio should only differ from the computed emission intensity ratio 

( **
2

OHCO
II ) due to the change in the detection system responsivity with wavelength. 

Thus if the chemiluminescence simulation predictions are accurate, the results should 
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differ from the experimental data only by a single multiplicative constant (Cdet) that is 

independent of experimental conditions, including H2:CO mixture ratio, equivalence ratio 

and addition of diluents. Therefore, experimental and predicted chemiluminescence ratios 

are compared first. 
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Figure 4.2. OH* mechanism validation: chemiluminescence intensity ratio 

predictions and experimental data in H2:CO=50:50 syngas mixture. Simple tube 

burner (closed symbols); contour burner (open symbols).  

Figure 4.2 shows a comparison of experimental and simulation results for the five 

different OH* chemiluminescence mechanisms and the one CO2* global mechanism. The 

first mechanism uses both reactions R1 and R2, while the second uses only R2. Both use 

the rate constants proposed by Smith et al. [40] from low-pressure flame studies. The 

third, fourth and fifth mechanisms include only R1. The third uses the rate constant 

originally proposed by Petersen [37] from shock tube results, while the fourth uses a 

“reoptimized” higher activation energy (Ea) rate constant from a later study by the same 

group [45].  The fifth mechanism uses a temperature independent rate constant proposed 
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by Smith [7]. The figure presents results for a 50:50 H2:CO fuel without CO2 dilution and 

with room temperature reactants. In this comparison, Cdet for each mechanism was 

chosen to match the experimental ratio by minimizing the global least square difference 

between the simulation and experimental results. 

The variation of chemiluminescence ratio with equivalence ratio is poorly 

predicted by the first mechanism based on the two formation steps with no temperature 

dependence in the rate constants. The second mechanism with only R2 provides even 

worse results. The simulation results with these OH* mechanisms increase too rapidly as 

the mixture is made leaner. The third, fourth and the fifth mechanisms, employing only 

reaction R1 provide greatly improved results. The sole differentiator is the activation 

energy Ea: zero (fifth mechanism), 6940 cal (third mechanism) and 10,000 cal (fourth 

mechanism). Furthermore, it can be seen in Figure 4.2 that the simulations with the 

highest Ea [45] tend to over predict the ratio at the leanest conditions, while the 

mechanism with Ea=0 [7] under predicts the ratio. Overall, the mechanism with 

intermediate Ea [37] provides the best results. For example at φ=0.6, the high Ea 

simulations over predict the experimental data by 27%; the mechanism with no 

temperature dependence under predicts by as much as 25%; the intermediate Ea 

simulations are within 8% of the experimental ratio. 

The other fuel mixtures and conditions tested lead to similar conclusions. First, 

mechanisms without the R2 formation reaction, but with a temperature dependent rate 
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constant for R1 provide reasonable matches to the experiments.
*
 It is highly unlikely that 

R2 becomes significant at other important conditions. For example, the contribution from 

R1 should become even more dominant at higher pressures since the concentration of the 

third-body, [M], are likely to increase faster than the radical concentrations. Thus we 

restrict our attention to R1 mechanisms in the remaining portion of this study.
†
 Second, a 

higher activation energy for R1 decreases the OH* signal in the leaner equivalence ratios 

owing to lower temperatures in this range. In other words, a temperature independent rate 

constant would predict more OH* at leaner equivalence ratios than the rate constant with 

a higher (positive) activation energy. Third, the intermediate Ea value given in [37] 

provides the best overall match to the chemiluminescence ratios for lean mixtures. The 

one exception to this is the high H2 fuel composition (95:5), where the higher activation 

energy [45] provides a slightly better match over most of the equivalence ratio range.  

The predictive capability of the chosen OH* and CO2* mechanisms is further 

evidenced in Figure 4.3, where the comparison of the simulations and experiments is 

shown for all the syngas flames. The top portion of the figure compares the absolute 

values of the ratios, while the lower portion displays the relative deviation between the 

simulations and experiments, defined as  
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*
 Adding a temperature dependent rate constant for R2 does not produce agreement with the data. 

†
 This is the reason for choosing R1 for the results presented in Figure 4.1. 
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In the results shown in Figure 4.3, a single value of Cdet (=20) was used for all the cases. 

The simulations are able to accurately predict the experimental results, with deviations of 

less than ±10% for most of the cases, despite the large change in the ratio between cases. 

The exception is the near-stoichiometric results for the high H2 case (95:5), where the pre- 
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Figure 4.3. Chemiluminescence ratios in syngas flames (above). Relative deviation 

between experimental data and simulated ratios, ±10% error levels are indicated by 

the horizontal lines (below). Simple tube burner (closed symbols); contoured burner 

(open symbols).  

dictions systematically fall below the experimental results by slightly more (~15-20%). 

As noted above, data were acquired in a different (contoured) laminar burner (and at high 

intensifier gain) for two mixtures (open symbols in Figure 4.3). Other than a single data 
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point for the 95:5 mixture at φ=0.6, where the simulation deviates from the experimental 

data by as much as ~85%, the overall agreement between the simulation results and the 

experimental data is again quite good.  

While the chemiluminescence ratios provide some measure of validation for the 

OH* and CO2* simulations, it is possible that an error common to both cancels out, 

producing the good agreement with the experiments. Therefore, the individual OH* and 

CO2* chemiluminescence signals are also examined. The 1-d flame simulations used 

here, however, can not provide absolute emission intensity given that they contain no 

information on flame area. From Eq (16), it is clear that one can compare the experiments 

and simulations by normalizing the signals with the fuel mass flow rates. Since the 

syngas mixtures actually contain two fuels, and because the CO2* originates from the 

carbon monoxide fuel while the OH* is formed indirectly from the hydrogen, we choose 

to normalize the two chemiluminescence signals with their respective fuels (OH* with 

2Hm&  and CO2* with COm& ). In this context, the absolute chemiluminescence signal rate 

( cS& ) for a given chemiluminescence species c is related to the 1-d simulation results, 

according to Eqs. (7) and (14), as follows.  
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Here cm&  and cχ  are the mass flow rate of fuel and the mole fraction of either H2 or CO 

in the fuel corresponding to species c, the change in solid angle Ω as the fiber was moved 

is modeled as a simple 1/L
2
 variation, and all the constants (or variables held constant) 
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are combined into the value Cc. With Eq. 18, the simulation results can now be compared 

to the experimental results for total chemiluminescence signals. 
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Figure 4.4. Comparison between measured and simulated normalized 

chemiluminescence for a) OH* emission and b) CO2* emission for syngas flames. 

Simple tube burner (closed symbols); contoured burner (open symbols).  

Results are shown in Figure 4.4a for the normalized OH* signals for the various 

syngas fuel compositions. Note that the normalized signal varies by a factor of 20 across 

the range of equivalence ratios and fuel compositions investigated. The OH* 

chemiluminescence mechanism accurately simulates the measured OH* emission signals 

for the different H2:CO compositions (within 10-15%), except for the very lean regime of 

the flames with very high H2 content, where the simulatation under predicts some of the 

data by almost 50% at Φ=0.6. The agreement is similarly quite good for the preheated 

and CO2 diluted cases. 

The CO2* results are shown in Figure 4.4b. The CO2* mechanism predicts the 

baseline H2:CO=50:50 case and its dilution and preheat variants reasonably well. It is 

interesting to note that while the addition of CO2 as a diluent lowers the OH* 

chemiluminescence noticeably, the simulatation correctly predicts the minor change seen 

in the CO2
*
 signal. Similarly, preheating the reactants has less effect on 

(a) (b) 
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chemiluminescence from CO2
*
 than from OH*. This is expected, given the smaller 

activation energy in the CO2
*
 mechanism. As with the OH* mechanism, the CO2

*
 

simulations for the high H2 case produce deviations reaching nearly 50% for φ<0.7.  

If only the experimental data with from the straight tube burner with lower 

intensifier gain is considered, both mechanisms under predict the high H2 case by similar 

levels; thus the ratio remains approximately correct (as was seen in Figure 4.3). The CO2
* 

mechanism, however, shows larger discrepancies than the OH* mechanism closer to 

stoichiometric conditions. This explains the larger relative deviations seen in the 

chemiluminescence ratios for the high H2 case above φ>0.8. The fact that both 

mechanisms systematically deviate considerably from the experiments at lean conditions 

for high H2 fuels suggests a single source of error. This could be partly due to the 

inconsistencies in choosing the distances between the fiber and the flame for the straight 

tube syngas experiments.
*
 Another possibility is the accuracy of the basic simulation 

approach, i.e., using a 1-d simulatation and GRI Mech 3.0 to simulate the laminar Bunsen 

flame speed and concentration profiles for a high H2 fuel where the high diffusivity of H2 

can be important. In fact in a previous study, it was found that the experimentally 

measured flame speed for the H2:CO=95:5 case was under predicted by the same 

mechanism by as much as 40% at φ = 0.6 [71]. Thus based on the overall results, it can 

be concluded that the mechanisms for chemiluminescence from CO2
*
 (Eq. 11) and OH

*
 

                                                 

 
*
 In this experimental approach, the chemiluminescence signal intensities depend on the distance between 

the fiber and the flame as shown in Figure 3.6.  
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(employing only R1 with Ea=6940 cal/mol) in atmospheric flames of H2/CO mixtures are 

validated, at least for the range of conditions examined here.  

4.2 Elevated Pressure Validation 

Experiments were performed at 5 and 10 atm with laminar syngas flames in the 

high pressure experimental facility. Flame chemiluminescence was acquired from a 

H2:CO=50:50 mixture at 10 atm with 598 K reactant preheat conditions in the lean 

equivalence ratio range. At the same pressure and temperature, four syngas mixtures viz 

H2:CO volumetric ratios of 40:60, 50:50, 60:40 and 80:20 were studied at a fixed 

equivalence ratio of 0.6 to investigate the variation of flame chemiluminescence with 

hydrogen content of the syngas mixture. A H2:CO=33:67 mixture was studied at 5 atm 

for effects of preheat on flame chemiluminescence. The experiments were performed 

with a O2:He=1:9 mixture as oxidizer. For these cases, the simulations employed the C1 

mechanism [75] as GRI Mech 3.0 does not include helium.  

The syngas flames were 2-4 exit diameters (or 12-24 mm) tall. The size of the 

circular region captured by the optical fiber at the burner plane is approximately two 

times the height of the flame. Because the data cover a significant variation in size, it is 

again important to consider the sensitivity of the simulations to the integration length 

before comparing their results to the experimental data. Example simulation results for a 

10 atm, 598 K preheated H2:CO=50:50 mixture at φ = 0.8 are shown in Figure 4.5. The 

simulatation uses the R1 formation reaction with the rate constant from [37]. The figure 

shows spatially integrated heat release rate, and IOH* and ICO2
* signals as a function of the 

integration distance through the 1-d flame. The profiles are normalized by the integrated 

value achieved at Li ~5 cm. The high pressure flame is significantly thinner compared to  
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Figure 4.5. Simulation results of normalized integrated heat release rate, normalized 

OH* and CO2* chemiluminescence signal profiles at 10atm and 598K conditions.  

its atmospheric counterpart (Figure 4.1). Although the three profiles rise almost 

simultaneously, the heat release plateaus first, within a few millimeters after the start of 

the reaction zone, and 99% of heat release is completed within 1 mm. On a relative basis, 

the CO2* chemiluminescence extends farther into the post-flame burnout zone (the 

extended region of low heat release).  

This extended signal region can be seen in chemiluminescence images acquired 

with a UV-sensitive ICCD camera, which thus produces images of combined OH* and 

CO2* chemiluminescence. One such image for a 10 atm, 598 K preheated H2:CO=50:50 

mixture at φ = 0.9 is shown in Figure 4.6a. Most of the OH* and CO2* 

chemiluminescence signal comes from the reaction zone (white region). Radial profiles 

of the signal intensity are shown in Figure 4.6b. Horizontal cuts at two locations along 

the flame height from the base of the burner, one at 20% and the other at 80% of the  
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 (a)        (b)    

Figure 4.6. Chemiluminescence image analysis for a H2:CO=50:50 flame at 10 atm, 

598 K and φφφφ=0.9. (a) Raw image (burner diameter is 6 mm) and b) radial (line-of-
sight integrated) intensity profiles at 20% and 80% of the flame height.  

flame height are shown. The burner radius is 3 mm. In each of the plots in Figure 4.6b, 

the peaks corresponds roughly with the flame location, and the product gases exist 

primarily to the right of this peak. From the results corresponding to 20% of the flame 

height, it can be seen that the signal intensity drops to ~3.5% of the peak 1.4 mm from 

the flame, probably due to mixing with the colder nitrogen coflow. Similarly for the 80% 

height, the intensity drops to ~4.5% of the peak signal 3 mm from the flame. The 

decrease of signal at this location is less steep due to the signal contributions from the 

exhaust gases that emanate from the lower regions of the flame. It should be noted that 

most of the spatially integrated chemiluminescence is contributed by the lower portion of 

the flame, owing to its conical shape. Hence, from experiments, it can be concluded that 
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an integration distance of ~5 mm should be sufficient to capture most of the product zone 

emission.  

Revisiting Figure 4.5, it can be seen that there is not much change in the 

integrated chemiluminescence signals for Li=5-10 mm. IOH* remains practically constant 

while ICO2
* changes by less than 1%. Thus, the simulatation results will only be weakly 

dependent on the choice of an integration distance between 5 and 10 mm for this case, 

where most of the signal comes from the reaction zone. The situation is similar for the 

other lean H2:CO=50:50 mixtures and for the H2:CO=33:67 flames at 5 atm. For near 

stoichiometric mixtures, a greater fraction of the chemiluminescence is produced in the 

high temperature product gases, similar to the results observed for atmospheric pressure. 

For the same H2:CO=50:50 mixture at φ=1, IOH* changes by 3% for Li ranging from 5-

10 mm, while the ICO2
* variation is closer to 6%. Since the lean cases showed little 

sensitivity to the choice of integration length, an Li=10 mm was chosen since it more 

closely matches the stoichiometric cases.  

The CO2*/OH* chemiluminescence intensity ratio is considered first, for the 

reasons cited earlier. OH* chemiluminescence was simulated with two different models 

for the R1 rate constant; one is a temperature independent rate constant [7], while the 

other employs the activation energy from [37]. Results for a H2:CO=50:50 mixture at 10 

atm and reactant preheat of 598 K are shown in Figure 4.7. The Cdet for each mechanism 

was chosen by minimizing the global least square difference between the experimental 
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and simulation results
*
 As in the low pressure case, the mechanism with the temperature 

dependent constant does an excellent job of matching the data, while the temperature 

independent mechanism produces a slight disagreement at the very lean and the near 

stoichiometric equivalence ratios. The remaining comparisons therefore consider only the 

temperature dependent rate constant. 
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Figure 4.7. OH* mechanism validation in syngas flames at elevated pressure. 

Chemiluminescence intensity ratio predictions and experimental data for 

H2:CO=50:50 mixture at 10 atm and 598 K reactant preheat.  

The predictive capability of the chosen OH* and CO2* mechanism is further 

evidenced in Figure 4.8, where the comparison of the simulations and experiments is 

shown for all the high pressure conditions. It can be seen that the simulations are able to 

accurately predict the experimental results, with deviations of less than ± 10% for most of 

                                                 

 
*
As described in the previous section, the simulation results should differ from the experimental data by a 

single multiplicative constant due to the unknown responsivity of the detection system. 
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Figure 4.8. CO2*/OH* chemiluminescence intensity ratios (a) in H2:CO=50:50 

(10 atm) and H2:CO=33:67 (5 atm) mixtures, (b) at φφφφ=0.6 for 10 atm and 598 K 
preheat .  

most of the cases. It should be noted however, that Cdet=32 was used for the 10 atm case, 

while an ~18% higher value (Cdet=38) was used for the 5 atm results. Other than this 

anomaly, the overall agreement between the simulatation results and experiments is 

excellent. Another observation is that Cdet was almost 60% higher than the value obtained 

at atmospheric conditions. This either implies that Cdet is a function of pressure or that 

there may be a systematic error in the basic chemical mechanisms used to predict the 

chemiluminescence precursors, especially in the helium mixtures employed for the high 

pressure conditions. The focus on helium is because both the GRI Mech 3.0 and C1 

mechanisms produce OH* and CO2* chemiluminescence predictions that are quite 

similar at various pressure and preheat conditions for syngas-air flames. It is also possible 

that there was a systematic change in the detection system that resulted in the apparent 

discrepancy of ~18% in the value of Cdet, though this is considered less likely.  

Normalized OH* and CO2* chemiluminescence signals are again considered to 

further investigate the accuracy of the OH* and CO2* mechanisms. For reasons cited 

earlier, OH* and CO2* chemiluminescence signals are normalized with the reactant mass 

(a) (b) 
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flow rates of H2 and CO respectively. The simulation results and the experiments are 

compared through the expression in Eq. 18. Results for normalized OH* and CO2* 

chemiluminescence as a function of equivalence ratio are shown in Figure 4.9 for a 

H2:CO=50:50 syngas mixture at 10 atm and 598 K reactant preheat. The normalized 

experimental OH* and CO2* chemiluminescence signals are predicted to within 5% 

(except for the richest OH* data point, which is within 8%); this can be characterized as 

excellent agreement.  
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Figure 4.9. Measured and simulatated normalized chemiluminescence for (a) OH* 

and (b) CO2* for a H2:CO=50:50 syngas mixture at 10 atm and 598 K reactant 

preheat.  

Returning to the issue of the change in the scaling constant, Cdet, for the 

chemiluminescence intensity ratios at high pressure compared to atmospheric conditions, 

we can investigate it further by examining the normalized signals for OH* and CO2*. As 

the high pressure experiments are conducted in the contoured burner with intensifier gain 

of 200, we consider only results from the atmospheric experiments with the same burner 

and gain setting, i.e., the H2:CO=50:50 mixture. COH*, (the scaling constant required to 

match the normalized experimental OH* signal to the simulation) decreased 9 times from 

the 1 atm (air) to high pressure (He) case, while the scaling constant for CO2* decreased 

(a) (b) 
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by 5.5 times. Some of the possible explanations are: 1) the simulations with He are 

overpredicting IOH* and ICO2*; 2) the overprediction is due problems with the basic 

chemical mechanism at high pressure; 3) the experimental signals are attenuated due to 

absorption in the flame gases at high pressure; and 4) there is a systematic change in the 

detection system responsivity between the low and high pressure cases. The last option is 

not likely, as the detection system, flame sizes, and collection solid angles were nearly 

the same in both cases. The third option, absorption is addressed in a following section. 

The second and first explanations are possible, but would require the simulations to 

correctly model the equivalence ratio dependence at both low and high pressure. 
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Figure 4.10. Measured and simulated normalized chemiluminescence at φφφφ=0.6 for 
(a) OH* and (b) CO2* in H2:CO syngas mixtures with 40%, 50%, 60% and 80% 

Hydrogen, at 10atm and 598 K reactant preheat conditions.  

Validation for different fuel compositions at high pressure is considered next. 

Results for the variation of normalized chemiluminescence with hydrogen content in the 

syngas mixture at the same operating conditions are given in Figure 4.10 for φ=0.6. The 

OH* and CO2* simulations agree well with the experimental data, predicting them to 

within 5%, except for the 40% H2 mixture, where the simulations over predict the data by 

25%. The flame height for this mixture was only ~6 mm, i.e., just one burner diameter. 

(a) (b) 
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Even though the measure flame speed for this mixture [72] was within 5% of the value 

predicted by the C1 reaction mechanism, such a compact flame could be considerably 

affected by curvature, which could result in a reduction of the chemiluminescence signals 

[26,10]. However, it is interesting to observe that the CO2*/OH* chemiluminescence 

ratio for this case was well predicted by the simulations (see Figure 4.8). The OH* and 

CO2* signals were over-predicted by the same extent, thus not affecting the CO2*/OH* 

ratio. Unfortunately, similar analysis could not be performed with the experimental data 

for the H2:CO=33:67 mixture at 5 atm due to lack of reliable H2 and CO mass flowrate 

data. Nevertheless, it can be concluded that the chosen OH* and CO2* mechanisms can 

be considered validated at elevated pressure and preheat conditions, with the caveat that 

the pressure dependence may not be adequately modeled.  

4.3 Thermal OH* Contribution 

The above validations assume that the only contribution to the OH* signal is due 

to OH created in its electronically excited state through chemical reactions. Another 

possibility is that ground state OH is collisional excited. This is denoted thermal OH*. 

The relative contribution of thermally OH* to the total OH* signal is computed for the 

syngas flames experimentally investigated in order to evaluate its potential for systematic 

errors in the validation experiments. For all the syngas mixtures tested, the spatially 

integrated (10 mm) thermal OH* is determined at two extreme equivalence ratios: φ=0.7 

and 1.0, using Eq. 4 (Chapter 2). The results are shown in Table 4.1. With contributions 

typically under a few tenths of a percent, and always less than two percent, it can be 

concluded that the effect of thermal OH* is negligible in the syngas validation 

experiments.  
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Table 4.1. Thermal OH* contribution (as percentage of the total OH* signal) in 

experimental syngas flames.  

% Thermal OH  

(Li=10mm) 

Syngas Mixture 

(H2/CO) and 

Oxidizer 

Operating 

Conditions 

φφφφ = 0.7 φφφφ = 1.0 

95-5 (Air) 1 atm, 300 K 0.13 1.73 
50-50 (Air) 1 atm, 300 K 0.3 1.28 

33-67 (Air) 1 atm, 300 K 0.23 1.02 

50-50 (Air) 1 atm, 500 K 0.5 1.72 

50-50 (O2/He) 10 atm, 600 K 0.27 5 

33-67 (O2/He) 5 atm, 300 K <0.1 0.5 

33-67 (O2/He) 5 atm, 600 K 0.13 1.6 

 

4.4 Self-Absorption of OH*Emission 

If a molecule can emit light going from an excited state to a lower energy state, 

then the lower state can also be excited by light at the same wavelength, which lead to 

absorption. The self-absorption by ground state OH will lead to a decrease in the 

observed OH* signal. The importance of self-absorption is determined for the syngas 

mixtures at the different operating conditions used here. Estimates of the amount of self-

absorption are calculated with Eq. 3 (Chapter 2) at two equivalence ratios: φ=0.7 and 1.0. 

A path length of 5 mm was chosen for the comparison, after which it was assumed that 

[OH] concentration rapidly decreased due to entrainment with cold gases surrounding our 

jet flames. Theses results are presented in Table 4.2. Self-absorption is less than a 10% 

effect at most conditions, though at high pressure and preheat conditions, it can be come 

more signficant. For example in the H2:CO=50:50 syngas fuel at 10 atm and 600 K, 

almost 20% of the signal is absorbed for the stoichiometric case (the high flame 

temperature at φ=1 leads to high OH equilibrium concentrations). At lower pressures and 

lean flames, self-absorption is generally less than a few percent. Thus we conclude that 
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the large change in COH* observed at high pressures is not primarily due to self-

absorption. There is some chance that it could be due to absorption by some other 

species. Similarly, there may be some absorption of the CO2* chemiluminescence by CO2 

or other molecules (Chapter 2). However, it is not likely that the absorption is large, as it 

would be due to a broadband absorber. 

Table 4.2. Fraction of OH* signal absorbed in experimental syngas flames.  

% Absorption  

(Li=5mm) 

Syngas Mixture 

(H2/CO) and 

Oxidizer 

Operating 

Conditions 

φφφφ = 1.0 φφφφ = 0.7 

95-5 (Air) 1 atm, 300 K 8.4 4 
50-50 (Air) 1 atm, 300 K 6 3.6 

33-67 (Air) 1 atm, 300 K 5 3 

50-50 (Air) 1 atm, 500 K 7.5 5 

50-50 (O2/He) 10 atm, 600 K 19 8 

33-67 (O2/He) 5 atm, 300 K 7 3 

33-67 (O2/He) 5 atm, 600 K 12 7 

 

In summary for syngas fuels, mechanism for both OH* and CO2* 

chemiluminescence have been validated. For CO2*, the global mechanism given in Eq. 

(11) (for 375 nm detection) provides excellent results for changes in equivalence ratio (at 

least for lean flames), preheat temperature and dilution. For OH*, R1 appears to be the 

predominant production pathway, and the temperature dependence of the rate constant 

given in [37] produces accurate results. While both the OH* and CO2* mechanisms 

produced generally excellent agreement with the experiments, the scaling constant used 

for matching the simulation results with experimental data changed with pressure. This is 

likely due, at least in part, to inaccuracies in the basic chemical mechanisms used to 

simulate the laminar flames at high pressure. Another likely source for the discrepancies 

is radiative trapping (absorption) of the ultraviolet emissions by CO2 and H2O at high 
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pressures. Thermal production and self absorption of OH* are not significant in the 

validation experiments.  
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CHAPTER 5  

HYDROCARBON FUEL VALIDATIONS 

 

This chapter continues from the foundation laid in the previous chapter, with a 

goal of identifying the important chemiluminescence formation reactions, and appropriate 

rate constants, for OH*, CO2* and now CH* in lean hydrocarbon combustion. The 

validation experiments were carried out primarily in laminar flames, though swirl 

combustor data for methane are presented for atmospheric conditions. First, validation 

results in methane flames (Section 5.1) are presented at atmospheric pressure (Section 

5.1.1) and elevated pressure (Section 5.1.2). In each section, results of OH* and CO2* 

chemiluminescence mechanisms are discussed followed by validation results for the CH* 

mechanisms. Possible uncertainties associated with thermal excitation for OH* and CH* 

are also presented along with a discussion on self-absorption (Sections 5.1.3-5.1.5). 

Finally, chemiluminescence from all three species are studied in laminar premixed, 

prevaporized Jet-A flames (Section 5.2).  

5.1 Methane Validation 

5.1.1 Atmospheric Pressure 

With the chemiluminescence mechanisms validated for H2-CO fuels in the 

previous chapter, the next step is consideration of additional mechanisms and species for 

hydrocarbon combustion. This includes addition of the R3 formation reaction 

(CH+O2→OH*+CH, Table 2.1) to the OH* mechanism, and a study of the CH* 

chemiluminescence mechanisms (Table 2.2). These studies focused on methane due to its 
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wide-spread usage and well-studied kinetics. The methane data were acquired in laminar 

jet flames and a turbulent, swirl combustor. Thus, these experiments are not only a test of 

the validity of the modeling for laminar flames, but to some extent their applicability to 

more complex systems. Additionally, the laminar methane flame data is used for 

determining the ratios of the rate constants for R1 and R3 (i.e. k1/k3), by comparing them 

with the laminar syngas flame data.  

5.1.1.1 CO2* and OH* Chemiluminescence 

The sensitivity of the simulation results to the integration length is illustrated in 

Figure 5.1 for a φ = 0.8 methane-air flame. For this comparison, the simulation employed 

the R1 OH* formation reaction with the rate constant from [37] (the step validated in the 

previous section) and R3 with the rate constant from [45]. As before, the spatially 

integrated heat release rate, and OH* and CO2* intensities are shown as a function of 

spatial integration length (top axis) through the 1-d flame. The corresponding flow times 

are shown on the bottom axis. The origin for the integration is, as before, the start of the 

reaction zone. In addition, the values were normalized by the integrated value achieved at 

33 mm (14 ms). 

While the heat release begins first, the integrated OH* chemiluminescence rises 

more rapidly, suggesting that most of the OH* chemiluminescence occurs within the 

primary reaction zone. It plateaus quickly, within ~1 ms or 2.5 mm after the start of the 

reaction zone. Thus there is little change (<1%) in IOH* with longer integration distances 

(or times). On a relative basis, the CO2* chemiluminescence extends farther into the post-

flame burnout zone due to the formation of CO2* via recombination of CO and O atoms 

in the near-equilibrium hot products. Therefore, ICO2
* increases by ~15% if the integration 
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distance (time) is increased to 12 mm (5 ms). Similar results are found for other lean 

mixtures. For mixtures very close to stoichiometric, there is a more significant sensitivity 

to integration distance. At φ=1, IOH* changes by 3% for Li=2.5-12 mm (t=1-5 ms), while 

ICO2
* increases by nearly 33%. Thus, the CO2* simulation results are somewhat 

dependent on the integration choice, and it can be expected that the comparison between 

the simulations and experiments may worsen near stoichiometric conditions, mainly due 

to uncertainty in predicting ICO2
*.  
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Figure 5.1. Simulation results of normalized integrated heat release rate, normalized 

integrated OH* and CO2* chemiluminescence signal profiles. 
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For the laminar jet flames, an integration length Li=10 mm was used.
*
 In the swirl 

combustor, an integration length per se cannot be defined as the streamlines are 

convoluted due to turbulence. However, the nominal residence time (tR) can be used to 

determine the appropriate integration time. The light is collected from a conical region 

that changes little with equivalence ratio and is nominally 52 mm in diameter at the 

center plane of the combustor. As the bulk cold flow velocity in the combustor is ~5 m/s, 

it can be estimated that the product gases would be moving through the combustor at 

~25 m/s. This gives a residence time of ~2 ms in the combustor, which is the value used 

for the validation comparisons. 

As before, the chemiluminescence ratios are compared first. It should be noted 

that many of the earlier studies indicated R3 as the main contributor of OH* in 

hydrocarbon flames and most researchers have assigned R3 a temperature independent 

rate constant except for the recent shock tube study [45], which suggested a weak 

dependence at flame temperature conditions. Thus two rate constants for the CH+O2 

reaction (given in Table 2.1) were considered; one of which is temperature dependent. 

Results are shown for the laminar and turbulent swirl flames in Figure 5.2. The 

uncertainty in the experimental data is indicated by the error bars, which represent a ±1σ 

deviation in the rms of the data. . 

The results for the swirl flame are shown in Figure 5.2a. The maximum 

uncertainty in the chemiluminescence intensity and equivalence ratios was approximately 

±12% and ±1.5%. The best match is provided by the rate constant suggested in [7], with a 

                                                 

 
*
The same value used for the atmospheric syngas flames. 
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worst case deviation from the experimental data of 25%, which occurs near the lean blow 

out limit of the combustor and at the near stoichiometric condition. Even the simulation 

results using R3 [45] predict within 15% for most of the experimental data and are at 

least as accurate again near the lean blow out limit of the combustor and the near 

stoichiometric conditions. Both the simulations and experiment show a relatively small 

change in the chemiluminescence ratio with stoichiometry over the range 0.7<φ<1. 
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Figure 5.2. OH* model validation: chemiluminescence intensity ratio predictions in 

(a) swirl combustor and (b) laminar methane flames at p=1 atm and 298 K. 

It is interesting to note that the temperature independent rate constant [7] for R3 

alone does a remarkable job of predicting the data, even better than the rate constant 

given in [45]. However, it should be noted that with the current experimental capability, 

only the relative levels of the chemiluminescent species can be measured as opposed to 

the absolute levels provided by the mechanisms. A best fit for the simulation using the 

rate constant from [7] was obtained with Cdet=5.7 (the values for the other case [45] was 

Cdet=144). The large change in Cdet from the syngas results (Cdet=20.1) suggests some 

inaccuracy in the pre-exponential factors estimated in the original references. The results 

also show that R3 alone would nearly suffice to model OH* emission under the current 

operating conditions. According to the simulations, formation reaction R1 contributes 

(a) (b) 
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6−9% of the total OH* chemiluminescence in the range of equivalence ratios studied 

here. Thus, R1 should still be included.   

If the rate constants for R1 and R3 from Smith et al. [7] are used, it can be seen 

that the model prediction closely follows the other mechanisms. However in that case, R1 

contributes significantly, about 44−50% of the total OH* signal. In the hot product 

exhaust, where the CH radicals are essentially absent, the OH* signal is produced via the 

recombination of O and H (R1), but the experimentally observed emission is very weak 

there compared to that produced from CH in the reaction zone. Thus, the R1 and R3 rate 

constants from Smith et al. [7] can be considered invalid even though the overall model 

predictions for the signal ratio differ little from the other mechanisms.  

The chemiluminescence intensity ratios from the atmospheric laminar methane 

flames are shown in Figure 5.2b. The same rate constants considered for the turbulent 

flames are again employed here, except for the Smith et al. [7] values. The model 

predictions are again similar; for φ>0.6, all the mechanisms predict the data within 5-

10%. For φ<0.8, the predictions from the two mechanisms using R1 [37] and R3 [45] 

estimated from the shock tube studies consistently deviate by 10−15% from the 

predictions using the temperature independent R3 [7] alone. This latter mechanism 

produces excellent agreement with the data over the whole range except at φ=0.6, where 

the predictions are higher than the experimental data by 25%. For the other mechanisms, 

the deviation from the experiments is ~45% at φ=0.6. Therefore, considering the results 

from the swirl and laminar flames, a temperature independent R3 rate constant combined 

with the R1 mechanism from the syngas validation appears to be a good choice for 

modeling OH* in hydrocarbon fuel combustion. 
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This conclusion is tested by normalizing the chemiluminescence signals with the 

mass flow rate of fuel (Eq. 19) and comparing to the predictions for two mechanisms: 

1) R3 alone with a temperature independent rate constant, and 2) R3 with a temperature 

dependent rate constant [45] and combined with the validated R1 mechanism [37].  
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The results for both the laminar and swirl methane flames are displayed in Figure 

5.3a. As noted above, the integration distance/time should not have a large influence on 

the results of the comparisons. The normalized OH* signals obtained from the laminar 

flames are scaled by a single multiplicative constant to account for experimental 

differences in order to match the swirl data. As seen in Figure 5.3a, both mechanisms are 

able to simulate the measured normalized OH* signals within the experimental scatter. 

However, at the leaner equivalence ratios, both mechanisms consistently under-predict 

the experimental data, thus causing the higher chemiluminescence ratios seen in Figure 

5.2. Nevertheless, the simulations are in excellent agreement with the experiments. This 

makes it difficult to identify the correct temperature dependence for R3.  

The normalized results for CO2* emission in both the atmospheric laminar and 

swirl methane burners are displayed in Figure 5.3b. As with the OH* data, the laminar 

flame CO2* data are scaled by a single multiplicative constant to match the swirl 

combustor results. The CO2
*
 predictions, like the OH* predictions, are within the 

experimental uncertainty over most of the φ range. As the CO2* emission is more 

sensitive than OH* emission to the integration distance/time, there can be a noticeable  
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Figure 5.3. Comparison between measured and simulated normalized 

chemiluminescence for a) OH* emission and b) CO2* emission in methane flames. 

change due to this parameter. The difference between the two can be clearly observed in 

the simulation results for the near stoichiometric conditions in Figure 5.3b. At this 

condition, the simulations with the reduced integration (2 ms) fall below the longer 

(10 mm ≈ 4 ms) simulations by about 12%. Still, we can conclude that the 

chemiluminescence mechanisms identified here are reasonably accurate and can be used 

with appropriate chemical kinetic mechanisms to analyze the chemiluminescence signals 

from CO2
*
 and OH

*
 in flames with H2/CO/CH4 fuels, and possibly with other simple 

hydrocarbons (at least for the atmospheric conditions tested up to this point in the thesis). 

It is also interesting to note the variation in normalized chemiluminescence signal 

with changes in equivalence ratio. Over the range investigated, the normalized OH* 

signal increases nearly linearly with φ, while the CO2* signal appears to have a higher 

(power law) dependence. Figure 5.3 also shows the normalized heat release rate 

determined from the simulations; as expected, it is almost independent of equivalence 

ratio for lean mixtures. Thus it can be concluded that while the OH* and CO2* signals are 

correlated to the flame’s heat release, the relationship varies with equivalence ratio. 

(a) (b) 
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Finally, the agreement between the swirl combustor data and the laminar results 

(data and simulations) is quite remarkable. Clearly the swirl combustor is turbulent. As 

noted in Chapter 3, the turbulent combustion can be characterized as either corrugated 

flamelets or thin reaction zones. Thus the similarity between the laminar and turbulent 

results suggests the turbulence effects on the flame, at least in this case, do not strongly 

alter the dependence of the chemiluminescence on equivalence ratio. 

5.1.1.2 Relationship between the rate constants of R1 and R3 

At this juncture, it is appropriate to further explore the laminar methane and 

syngas data to establish a relationship between the rate constants of R1 and R3. For this 

comparison to be meaningful, the OH* signals (for both syngas and methane flames) 

were acquired with an identical intensifier gain setting of 200. Modifying Eq. (19), we 

find 
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where f and g are functions of species concentrations related to R1 and R3 chemistry and 

h is a function of experimental factors such as solid angle, detector settings, flame speed, 

fuel-air ratio etc. In general, k1 and k3 are functions of temperature and hence vary along 

the flame axis. The idea is that if the model predictions are correct, the multiplicative 

constant COH* should be the same in scaling both syngas and methane simulations in 

order to match the experimental data, for a given factor β. This would indirectly give the 

relative scaling between the rate constants for R1 and R3. In syngas flames, g = 0, as 

OH* is [CH] is essentially zero, and COH* can be estimated. Using the same COH* to 
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match the methane experimental data should yield β, and k3β can be considered as the 

new rate constant for R3.  

With the rate constant for R1 [37] and R3 [45] in Eq. (20) and matching the 

experimental data yields β~0.36. So, k3 [45] has to be reduced to k3β to match the 

experimental data. This establishes the relative scaling of the rate constants of R1 and R3. 

or in other words, the ratio k1/k3 is determined. Similarly, if the temperature independent 

rate constant for R1 [7] was used in Eq. (20), then β would be ~ 4.7, i.e., in this case k3 

[7] has to be increased to match the experimental data. Here, a constant k1/k3~43 is 

obtained. If a temperature range 1500-1800 K is considered, where most of the OH* is 

produced (for all the lean fuel-air mixtures), and the new value for k3 used, the ratio k1/k3 

varies over ~37-47 for rate constants k1[37] and k3[45]. Interestingly, this ratio is 43 if the 

temperature independent rate constants were considered. This ratio k1/k3 can be 

considered universal and can be used in other hydrocarbon fired combustors for 

estimating OH* chemiluminescence.  

At this point, it would be interesting to consider the range of values taken by k1 

and k3, and based on the above analysis try to determine this range of values more 

accurately. A temperature of 1800 K shall be considered without loss of generality. In the 

literature k1 varies from 3.36×10
13

 to 8.62×10
13

 cm
6
/mol

2
/s (a factor of 3) at 1800 K and 

is known with better accuracy than k3, whose predicted value changes by at least two 

orders of magnitude at the same temperature. So, assuming k1/k3 ~ 47, and k1 to be in the 

above range of values, k3 is estimated to be in the range 7.15×10
11−1.83×10

12
 cm

3
/mol/s 

at 1800 K.  
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Based on the above analysis, both temperature dependent and independent rate 

constants for R1 and R3 can be assigned as given in Table 5.1. The temperature 

dependent rates were derived from Petersen et al, [37,45] and this mechanism is denoted 

the Petersen-hybrid from now on. Similarly the temperature independent rates were 

derived from Smith et al. [7] and shall be identified as the Smith-hybrid in the thesis. 

Both these derived mechanisms excellently predict OH* chemiluminescence in 

atmospheric methane-air flames. These derived mechanisms shall be further investigated 

when validating experimental data at elevated pressure and preheat conditions.  

Table 5.1. Suggested OH* formation reactions and their rates. Rate coefficients are 

expressed as k=AT
b
exp(-Ea/RT) with Ea in units of cal mol

-1
 and AT

b
 in cm

3
mol

-1
s
-1
 

for two body reactions or cm
6
mol

-2
s
-1
 for three body reactions (with T in K units). 

# Reaction A b Ea Ref. 

R1 H + O + M ↔ OH* + M 6 × 10
14 0.0 6940 Petersen Hybrid 

  3.63 × 10
13 0.0 0.0 Smith Hybrid 

R3 CH + O2 ↔ OH* + CO 1.17 × 10
14

 -0.4 4150 Petersen Hybrid 

  8.47 × 10
11

 0.0 0.0 Smith Hybrid 

       

5.1.1.3 CH* Chemiluminescence 

Methane flames provide a good opportunity for validating CH* 

chemiluminescence mechanisms for hydrocarbon systems, primarily due to the 

availability of a well-validated combustion mechanism for methane. In this section, the 

reported chemiluminescence mechanisms for CH* are examined and validated with 

experimental data.  

In this study, four mechanisms proposed in the literature (designated by the last 

author of the reference source) were used to model CH* in methane flames. Each is based 

on two of the formation reactions (R5-R7); the reaction rate parameters associated with 
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each are listed in Table 2.2. Of the four proposed CH* mechanisms considered, three 

(Peeters [64], Carl [66] and Smith [40) are based on formation steps R6 and R7. The 

Peeters mechanism has temperature independent rate constants, while the Carl 

mechanism is an updated version that adds temperature dependence to both formation 

rates but matches the large rate constant ratio, k2/k3~500, of Peeters at ~650 K. However, 

it should be noted that k2/k3 in the Peeters mechanism is a constant, while in the Carl 

mechanism the ratio varies from 420 at 700 K to 15 at 2000 K. The Smith mechanism 

includes temperature dependence only for the O2 step, and has a much lower k2/k3  value 

decreasing from 25 to 12 for the same 700-2000 K range. On the other hand, the fourth 

mechanism (Petersen [64]) uses R5 and R6. To use R5 with the GRI mechanism requires 

the addition of reactions for the production and destruction of C2, as outlined in the same 

reference.  

As with OH* and CO2* chemiluminescence, CH* chemiluminescence was 

acquired both in atmospheric-pressure laminar and swirl burners. Earlier, a residence 

time of ~2 ms was established for comparisons to the swirl burner, while an integration 

length of 10 mm was used for the laminar flame case. For comparing simulated CH* 

chemiluminescence to the data, however, it is sufficient to use one integration length 

(10 mm ≈ 4 ms) in both burners. This is due to the fact that CH* is formed only in the 

narrow region where C2H or C2 is present, i.e., in the primary reaction zone for the lean 

methane-air flames.  

As before, we start by examining chemiluminescence signal ratios. As the OH* 

chemiluminescence is almost completely associated with the primary reaction, like CH*, 

it as chosen for the ratio comparison. Also as the OH* chemiluminescence mechanism 
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(Table 5.1) was validated above, the CH*/OH* ratio comparison should directly reveal 

the accuracy of the CH* mechanisms considered. The measured chemiluminescence 

signal ratio is related to the simulated value through the expression below. 
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Figure 5.4. Comparison between experimental results and model predictions for a) 

CH*/OH* chemiluminescence intensity ratio and b) normalized CH* emission in 

methane flames at 1 atm and 298 K.  

Results for the CH*/OH* chemiluminescene ratio are shown for the swirl burner 

and laminar jet flames in Figure 5.4a. First, it is worth noting the excellent agreement 

between the laminar and swirl flame results, except near the lean blow out limit of the 

swirl combustor. The figure also includes the simulation results for the four mechanisms. 

The simulation results for each were multiplied with a chosen Cdet such that the least 

square difference (across the φ range) is minimized. The best agreement with the 

experimental data is provided by the Peeters mechanism, which matches the laminar data 

across the complete range within the experimental uncertainty, and it matches the swirl 

data except near its lean blowout limit. The mechanism that includes the C2 formation 

step (Petersen) provides the poorest overall match. It should be noted here that the lack of 

(a) (b) 
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accurate rate kinetic information for C2 formation and destruction reactions could be a 

significant cause for this disagreement. The somewhat poorer comparison produced by 

the Smith mechanism argues against its lower k2/k3 ratio. The Smith mechanism 

significantly over predicts the data, especially for φ<0.8. The Carl mechanism does a 

reasonable job for φ>0.85, but over predicts the data for lean mixtures. Thus both the 

Petersen and Smith mechanisms can be eliminated without further investigation.  

The relatively good agreement between the Peeters and Carl mechanisms is 

further investigated by considering the variation of normalized CH* chemiluminescence 

signal with equivalence ratio as shown in Figure 5.4b. Experimental and simulated CH* 

chemiluminescence signals, normalized by fuel flow rate, used for the validation can be 

compared using Eq. (19) (replacing OH* with CH* values). The simulation results for 

each were multiplied with a given CCH* in order to minimize the overall deviations (the 

least square difference).
*
 With this scaling, the agreement between the Peeters and Carl 

mechanisms is even more pronounced, in spite of the inherent differences in the 

temperature dependence of the reaction rate constants for R6 and R7.  

The agreement between the Peeters and Carl mechanisms, with their different 

temperature dependence for k2/k3 occurs due to a offsetting change in the concentration 

ratio [O]/[O2] and k2/k3 for the Carl mechanisms in the methane flames studied. For the 

Peeters mechanism, R2 dominates CH* production in the lean (atmospheric) methane 

flames, and the formation of CH* is essentially given by k2,P[C2H][O]. For the Carl 

                                                 

 
*
This does not provide validation of the absolute values for the reaction rate constants, since the absolute 

responsivity of the detection system are not known. 
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values (k2,C and k3,C), both reactions are important; thus the ratio of the CH* 

chemiluminescence for the two mechanisms scales like 
[ ]
[ ] 
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1 . Since 

CP kk ,2,2 is a constant (~1.8), the two mechanisms will give the same result if k2/k3 for the 

Carl mechanism varies with temperature in a similar fashion to [O2]/[O], which turns out 

to be the case in our flames. 

In summary, the best agreement with the experimental results is provided by the 

Peeters (temperature independent) rate constants, though simulations with the Carl 

(temperature dependent) rate constants are nearly as good. Overall, the results suggest 

that either the Carl or Peeters mechanisms could be used to predict CH* 

chemiluminescence in atmospheric methane-air flames.  

5.1.2 Elevated Pressure 

Experimental measurements of flame chemiluminescence at elevated pressure can 

help in evaluating the robustness of the chemiluminescence mechanisms, and in the case 

of OH* and CH*, may also help in differentiating the best candidates determined in the 

atmospheric experiments. Therefore, data was acquired in 5 and 10 atm laminar methane 

flames. OH*, CH* and CO2* chemiluminenscence was acquired at room temperature 

conditions at both pressures, and with 598 K reactant preheat at 5 atm. As with the syngas 

experiments, a O2:He oxidizer mixture (1:5) was used to aid in flame stabilization at high 

pressure conditions. The San Diego mechanism [76], which includes helium, was used 

instead of GRI Mech 3.0, to simulate the flames.  
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5.1.2.1 CO2* and OH* Chemiluminescence 

As in the previous cases, the sensitivity of the simulated chemiluminescence 

signals to integration length is examined first. Example results for φ=0.8 are shown in 

Figure 5.5. The OH* chemiluminescence is simulated with the R1 and R3 rate constants 
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Figure 5.5. Simulation results of normalized integrated heat release rate, normalized 

integrated OH* and CO2* chemiluminescence signal profiles in a methane flame at 

10 atm and room temperature conditions. The equivalence ratio is 0.8.  

given in Table 5.1, with the values normalized by the integrated value achieved at 5 cm 

downstream of the reaction zone. 

High pressure flames are generally characterized by extremely thin reaction 

zones, and this can be clearly inferred from the heat release rate profile in Figure 5.5. The 

heat release approaches a plateau value, within a few hundred micrometers after the start 

of the reaction zone. The reaction zone is also thinner than that of the high pressure 

syngas flame presented in the last chapter. In high pressure methane flames, the post-
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flame product gases are a source of both OH* and CO2* chemiluminescence, due to the 

formation of OH* via R1 (O+H+M) and CO2* via CO+O.  

To aid in determining the integration length for the simulations, flame 

chemiluminescence images were also acquired with the same ICCD camera employed in 

the high pressure syngas experiments. Now, however, the intensity at any pixel is 

potentially due to a combination of all three sources (OH*, CH* and CO2*). As the 

product zone’s contribution to the total OH* and CO2* chemiluminescence signal 

significantly increases for near stoichiometric flames, a methane flame image for a 

10 atm, 298 K and φ=0.97 is shown in Figure 5.6a. The raw image shows a much more 

significant contribution (to the total OH*and CO2* signals) from the hot products, 

especially for regions near the flame tip. Horizontal cuts at two locations along the flame 

height are shown in Figure 5.6b, one at 20% and the other at 80% of the flame height. In 

each of the plots, the peaks indicate the approximate flame location. From the results 

lower in the flame, the signal intensity is seen to drop to ~4% of the peak value at 2 mm 

from the flame. For the higher location, the intensity drops much less rapidly, only to 

~30% of the peak signal at 3.6 mm from the flame. This clearly confirms the contribution 

of the hot product region to the total chemiluminescence signal particularly for near 

stoichiometric flames. 

It can also be inferred that an integration distance of 5 mm for the lower half of 

the flame and at least 10 mm for the upper half of the flame would include most of the 

exhaust regions where OH* and CO2* chemiluminescence signals are produced. For 

Li=5−10 mm; IOH* changes by about 4%, while ICO2* change by nearly 6%. Still, this can 

be characterized as a mild dependence on integration distance between 5 and 10 mm.  
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  (a)      (b)    

  

Figure 5.6. Chemiluminescence image analysis for a methane flame at 10 atm, 298 K 

and φφφφ=0.97. (a) Raw image (burner diameter is 6 mm) and b) radial (line of sight) 
Intensity profiles from the burner center axis, at 20% and 80% of the flame height. 

Similar results are found for other lean mixtures and for the flames at 5 atm. For near 

stoichiometric mixtures, a greater fraction of the chemiluminescence is produced in the 

high temperature product gases, similar to that observed in atmospheric conditions. At 

φ=1, and at identical operating conditions, IOH* changes by about 8% for Li ranging from 

5−10 mm, while ICO2* increases by about 9%. Since the lean cases showed little 

sensitivity to the choice of integration length, an Li of 10 mm was chosen for the high 

pressure validations.  

For the comparisons to the high pressure data, OH* chemiluminescence was 

modeled with two mechanisms, both include R1 and R3. The mechanisms are given in 

Table 5.3 and the difference lies in whether both R1 and R3 have temperature 
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independent rate constants (Smith hybrid) or temperature dependent rate constants 

(Petersen hybrid). Again, only one mechanism for CO2* is considered.  
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Figure 5.7. OH* model validation in methane flames at elevated pressure 

conditions: chemiluminescence intensity ratio predictions for flames at p=10 atm 

and 298 K.  

Results for the CO2*/OH* chemiluminescence ratio in a methane flame at 10 atm 

and 298 K are shown in Figure 5.7. The two simulation results are multiplied by values of 

Cdet such that they match for a stoichiometric mixture. It can be seen that none of the 

mechanisms seem to predict the equivalence ratio variation of the CO2*/OH* 

chemiluminescence intensity ratio. The experiments depict almost a monotonic decrease 

while the models predict a non-monotonic variation of the CO2*/OH* ratio. While the 

results point out to the possibility of errors in the OH* or CO2* mechanisms, the 

chemiluminescence signals have to be considered separately to determine where the 

problem lies. For this reason, the OH* and CO2* chemiluminescence signals were 

normalized with the fuel mass flow rate, and the results are shown in Figure 5.8. 



www.manaraa.com

 91 

0

3

6

9

12

15

0.5 0.7 0.9 1.1
φφφφ

Data

Petersen Hybrid

Smith Hybrid

f

OH

m

S

&

&
*

  

0.0

0.2

0.4

0.6

0.8

1.0

0.5 0.7 0.9 1.1
φφφφ

Data

Model

f

CO

m

S

&

&
*
2

 

Figure 5.8. OH* mechanism validation in methane flames at elevated pressure 

conditions: (a) normalized OH* emission and (b) CO2* emission for flames at 

10 atm and 300 K reactants.  

First, it can be seen that both OH* mechanisms are less accurate at these 

conditions but the Petersen hybrid mechanism provides better predictions than the Smith 

hybrid, likely due to the temperature dependent rates it employs for R1 and R3. On the 

other hand there is excellent agreement between the simulations and the experiments for 

the CO2* chemiluminescence. So, it is most likely the inability of the OH* mechanism to 

predict OH* chemiluminescence accurately that caused the discrepancy in the CO2*/OH* 

chemiluminescence intensity ratio results as presented in Figure 5.7. The measured OH* 

variation with φ is more dramatic than predicted by either mechanism.  

Comparisons for the simulations (with the Petersen hybrid OH* mechanism) with 

all the methane experimental data obtained at high pressure are shown in Figure 5.9 

(CO2*/OH* ratio) and Figure 5.10 (normalized signals). For the ratios, a value of 10 was 

used for the scaling constant Cdet. The simulated ratios are in poor agreement with the 

experimental data; not only do they have the wrong trend with φ, they do not display the 

correct pressure dependence. The experiments indicate a negligible effect of pressure and 

(a) (b) 
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Figure 5.9. CO2*/OH* chemiluminescence intensity ratios in methane flames at 

elevated pressure. Experimental data represented by symbols and simulation results 

depicted by lines: dashed line for 5 atm-298 K cases, dot dashed line for 5 atm-598 K 

case and solid line for 10 atm-298 K case.  

 preheat on the CO2*/OH* chemiluminescence intensity ratio at these conditions. 

Results for the normalized OH* and CO2* chemiluminescence signals are shown 

in Figure 5.10. The OH* and CO2* simulations were scaled by single values for COH* and 

CCO2*, chosen to match the 10 atm-298 K experimental data. Both the OH* and CO2* 

simulation results deviate significantly from the experimental behavior. While the trend 

with φ is qualitatively correct, both the OH* and CO2* simulations fail to capture the 

pressure or preheat dependence. The OH* mechanism fails most for the preheated case, 

where the predictions are off by ~100%. On the other hand, the CO2* mechanism shows 

little pressure dependence, unlike the experiments. It is interesting to note that reactant 

preheat has little effect on the measured OH* and CO2* chemiluminescence at 5 atm. 
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Figure 5.10. Normalized chemiluminescence signals in methane flames at elevated 

pressure: (a) OH* emission and (b) CO2* emission. Experimental data represented 

by symbols and model predictions depicted by lines: dashed line for 5 atm-298 K 

cases, dot dashed line for 5 atm-598 K case and solid line for 10 atm-298 K case. 

This discrepancy between the simulations and experimental data may be due to 

several causes. In the case of OH* for the room temperature conditions, the increase in 

OH* signal near stoichiometric conditions may be due to thermally produced OH*. Self-

absorption of OH* by ground state OH molecules may become important at high pressure 

conditions and this aspect shall be further discussed in Section 5.5. As mentioned in 

Chapter 2, the ultraviolet OH* emission can also be absorbed by other molecules such as 

CO2 and H2O at high pressures. For the preheated case, the San Diego mechanism also 

consistently over predicts flame speeds by over 20% as compared to the experiments. So, 

there is a possibility that the mechanism might be over predicting the precursor species 

for OH* formation such as O, H, O2 and CH, and this would directly impact the 

integrated chemiluminescence intensities. Also as significant fractions of both OH* and 

CO2* are produced in the exhaust zone at high pressure according to the models, any 

difference in experimental conditions in the product gas zone such as product gas cooling  

(a) (b) 
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Figure 5.11. Spectral shape of the CO2* continuum in methane flames at various 

pressure conditions at φφφφ~075.  

by N2 entrainment could severly effect the measured OH* and CO2* signals. Moreover, 

the results for CO2* could also be explained if absorption of the CO2* signal by the 

ground state was signficant. It is also possible that the CO2* signal at 375 nm might be 

corrupted by other emitters such as HCO or water [57-59]. 

This can be partially verified by considering the “continuum” near the vicinity of 

375 nm for the experiments considered. The “CO2* background” for an equivalence ratio 

of 0.8 is considered for all the pressure conditions, and the results for scaled “CO2* 

background” is shown in Figure 5.11. The spectral shape of the continuum at elevated 

pressure conditions is different than at atmospheric pressure. Moreover, there are clear, 

distinct peaks in the spectra near the vicinity of 375 nm, for all operating conditions 

which might suggest that other emitters are superimposed on the continuum.  
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It is also worth investigating the basic reaction mechanism (San Diego [76]) for 

methane combustion used here. The normalized OH* and CO2* signals predicted by the 

San Diego mechanism are compared to those from GRI Mech 3.0 in Figure 5.12. GRI 

Mech 3.0 always predicts a higher OH* chemiluminescence signal than the San Diego 

mechanism. Additionally, the OH* signals predicted by the mechanisms do not have the 

same pressure or preheat temperature dependence. For example at 1 atm, OH* signal 

predicted by San Diego mechanism has to be multiplied by ~2.2 to match the GRI Mech 

results while this multiplicative constant changes to ~1.5 at 5 and 10 atm. So, it is 

possible that a similar phenomenon is explains the high pressure methane-O2/He flames 

used here. In case of normalized CO2* signal, the mechanisms produce excellent 

agreement at high pressure conditions but they differ significantly at atmospheric 

conditions. This suggests that both mechanisms predict the same CO and O profiles, but 

differ in their CH and H profiles.  

0

5

10

15

20

25

0.5 0.7 0.9 1.1φφφφ

P1-T298

P5-T598

P10-T298

f

OH

m

S

&

&
*

  

0

0.4

0.8

1.2

1.6

2

0.5 0.7 0.9 1.1φφφφ

P1-T298

P5-T598

P10-T298

f

CO

m

S

&

&
*
2
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Figure 5.12. OH* and CO2* model predictions with San Diego (lines) and GRI Mech 

3.0 (lines with symbols) reaction mechanisms in methane air flames at various 

pressure and temperature conditions.  

So, in conclusion, the Petersen hybrid mechanism can be used to qualitatively 

predict OH* chemiluminescence in methane flames at high pressure and preheat 
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conditions. The CO2* mechanism is not able to predict the intensity at 375 nm, possibly 

due to interferences (emission and absorption) from other species. Also further 

investigation into the production and destruction of CO2* at various operating conditions 

may be required. However, both OH* and CO2* mechanisms can be used to reasonably 

predict the chemiluminescence signals’ equivalence ratio variation.  

5.1.2.2 CH* Chemiluminescence 

As CH* chemiluminescene occurs only in the reaction zone, any integration 

length (Li) that exceeds the reaction zone thickness should be sufficient for modeling 

purposes. So, an integrated length Li=10 mm was used as with the case of CO2* and OH* 

chemiluminescence models. The CH*/OH* ratios at 10 atm and 298 K are shown in 

Figure 5.13a. The simulations use the Petersen hybrid mechanism for OH*, and the 

Peeters and Carl mechanisms for CH*. The Carl mechanism appears to better predict the  
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Figure 5.13. Comparison between experimental results and simulations for (a) 

CH*/OH* chemiluminescence intensity ratio and (b) normalized CH* emission in 

methane flames at 10 atm and 298 K. 
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experiments compared to the Peeters mechanism. However, the failure of the OH* 

mechanism makes the comparison problematic. So the variation of normalized CH* 

chemiluminescence is considered to further investigate the CH* mechanisms. 

The normalized signals are shown in Figure 5.13b; the CCH* for both simulations 

were chosen based on a least-square error fit. Both the Carl and Peeters mechanisms 

predict the experiments with excellent accuracy, within the experimental uncertainty, 

despite their inherent differences in the temperature dependence of reactions R6 and R7. 

The deviation of the models from the experiments is at most ~15%. Still, the Carl 

mechanism slightly outperforms the Peeters mechanism, which over predicts the 

equivalence ratio dependence. So, the Carl mechanism is used further to examine CH* 

chemiluminescence in methane flames. 
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Figure 5.14. Validation of CH* chemiluminescence model in methane flames at 

elevated pressure: (a) CH*/OH* intensity ratio and (b) normalized CH* 

chemiluminescence signal. Experimental data represented by symbols and model 

predictions depicted by lines: dashed line for 5 atm-298 K cases, dot dashed line for 

5 atm-598 K case and solid line for 10 atm-298 K case.  

Results for all the experimental data obtained in the high pressure methane flames 

are shown in Figure 5.14, both CH*/OH* intensity ratios (Figure 5.14a) and normalized 

signals (Figure 5.14b). The simulations qualitatively agree with the change in the 



www.manaraa.com

 98 

CH*/OH* dependence on φ with pressure. At 1 atm, the signal ratio was seen to increase 

with φ, at high pressures this is reversed. The scaling constant CCH* for the normalized 

signals is chosen to best match the experimental data at 5 atm without preheat. It can be 

seen in Figure 5.14b that the variation of the normalized CH* signal with φ is in good 

agreement with the experiments at 5 atm, with and without preheat. In addition, the 

model correctly captures the chemiluminescence increase caused by preheating. 

However, the CH* model predictions do not capture the drop in signal when the pressure 

is increased to 10 atm. This disagreement between the experiments and the model 

predictions can be due to several reasons. One of the important reasons could be due to 

the lack of accurate quenching rate information of CH* radicals at high temperature 

conditions [38]. The very small concentrations of ground state CH present in flames 

eliminates the possibility of self-absorption of CH* chemiluminescence by ground state 

CH radicals. Another possibility is that the San Diego mechanism has significant 

uncertainty in predicting the profiles for C2H, the precursor for CH*. So, the San Diego 

mechanism predictions are compared with GRI Mech 3.0 in methane-air flames at similar 

pressure and temperature conditions. It can be seen in Figure 5.15 that the San Diego 

mechanism over-predicts the GRI Mech estimates for the normalized CH* signal. The 

CH* signals predicted by the mechanisms also do not scale well at different operating 

conditions. For example at 1 atm, the scaling constant to match the CH* signal predicted 

by San Diego mechanism with that of the GRI Mech 3.0 results is ~0.4. This scaling 

constant changes to ~0.65 at 5 atm and ~0.85 at 10 atm. Moreover, the variation of the 

CH* signal with equivalence ratio is also different for both mechanisms. At 10 atm and 

room temperature conditions, GRI Mech 3.0 predicts an increase of ~7.5 while the San 
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Diego mechanism estimates an increase of ~4 in the 0.6-1 equivalence ratio range. So, 

even though the reaction mechanisms match in their estimates of flame properties such as 

the laminar flame speeds or ignition delays with 10-15% accuracy, they could have 

significant disagreement in their estimates of flame chemiluminescence signals.  

It can be concluded that given the experimental and modeling uncertainties, the 

CH* mechanism is able to qualitatively predict the experimental results satisfactorily. 

The CH* model predictions could be used for a particular pressure and temperature 

condition but the model predictions should be scaled with caution for other operating 

conditions.  
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Figure 5.15. CH* model predictions with San Diego (lines) and GRI Mech 3.0 (lines 

with symbols) reaction mechanisms in methane air flames at various pressure and 

temperature conditions. 

5.1.3 Thermal OH* 

Thermal OH* results for the methane experiments are shown in Table 5.2. The 

relative contribution of thermal OH* to the total OH* signal was calculated as before 
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using Eq. 4. Thermally excited OH* increases exponentially with temperature. So, two 

equivalence ratios were considered for the analysis: φ=0.7 and 1.0. It can be seen that 

thermal excitation becomes important at high pressure and temperature conditions 

particularly for near stoichiometric conditions. For example, the thermal pathway can 

contribute as much as quarter of the total OH* signal at 5atm and 600 K. Of course, these 

calculations are very simplified based on the assumption that thermal equilibrium exists 

at every point in the flame.  

Table 5.2. Thermal OH* contribution (as percentage of the total OH* signal) in 

methane experiments.  

% Thermal OH  

(Li=10mm) 

Methane 

and Oxidizer 

Operating 

Conditions 

φφφφ = 0.7 φφφφ = 1.0 

CH4/Air 1 atm, 300 K <0.1 1 

CH4 (O2/He) 5 atm, 300 K 1.3 16 

CH4 (O2/He) 5 atm, 600 K 10 25 

CH4 (O2/He) 10 atm, 300 K 2.7 25 

 

5.1.4 Thermal CH* 

Thermal excitation of CH is also possible, though generally negligible due to the 

very low concentrations of CH radical in the flame. Thermal CH* is calculated for the 

experimental methane flames using Eq. 6. The values in Table 5.3 verify this. So, for all 

practical purposes the contribution from thermally excited CH in the experimentally 

investigated flames is negligible.  
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Table 5.3. Thermal CH* contribution (as percentage of the total CH* signal) in 

methane experiments.  

% Thermal CH  

(Li=10mm) 

Methane 

and Oxidizer 

Operating 

Conditions 

φφφφ = 0.7 φφφφ = 1.0 

CH4/Air 1 atm, 300 K 0.006 0.054 

CH4 (O2/He) 5 atm, 300 K 0.001 0.018 

CH4 (O2/He) 5 atm, 600 K 0.004 0.034 

CH4 (O2/He) 10 atm, 300 K 0.001 0.025 

 

5.1.5 Self-Absorption 

Estimates of self-absorption are calculated for all the methane flames that were 

experimentally investigated. Self-absorption was computed in the same manner described 

in Chapters 2 and 4. While it was estimated to be at most a ~10-15% effect in the high 

pressure syngas flames, it can be seen in thus absorption changes with flame location. For 

example, there is difference in self absorption from the side facing the detector and from 

the rear of the flame, as the path lengths and spatial distribution of the OH* radicals are 

different. However, this computation gives order of magnitude estimates that can be 

compared across different conditions.  

Table 5.4 that OH* self absorption is more significant in the high pressure methane 

flames, especially near stoichiometric conditions. It can also be observed that the 

reduction in OH* signal by absorption increases with the integration length (residence 

time). Moreover, it can be seen that absorption is a function of pressure, temperature and 

equivalence ratio. This has immediate implications for the scaling constant (COH*). 

According to the results in the table, the scaling constant can change as much as 2 times 

across the equivalence ratio range. However, this change was not observed in the 
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experiments. It should be noted that this calculation is a worse case estimate, as it uses a 

peak absorption coefficient. Also the actual flame is axisymmetric rather than 1-d, and 

thus absorption changes with flame location. For example, there is difference in self 

absorption from the side facing the detector and from the rear of the flame, as the path 

lengths and spatial distribution of the OH* radicals are different. However, this 

computation gives order of magnitude estimates that can be compared across different 

conditions.  

Table 5.4. Fraction of OH* signal absorbed in methane experiments.  

Methane 

and Oxidizer 

Operating 

Conditions 

% Absorption  

(Li=10 mm) 

% Absorption  

(Li=5mm) 

  φφφφ = 1.0 φφφφ = 0.7 φφφφ = 1.0 φφφφ = 0.7 

CH4/Air 1 atm, 300 K 5 3 5 2 

CH4 (O2/He) 5 atm, 300 K 30 13 20 8 

CH4 (O2/He) 5 atm, 600 K 41 31 21 14 

CH4 (O2/He) 10 atm, 300 K 39 20 24 9 

 

5.2 Jet-A  Validation 

5.2.1 Atmospheric Pressure 

Jet-A is a primary fuel in aeropropulsion applications, and as a light oil fuel is 

relevant in many other combustion applications. In spite of its importance, there have 

been very few studies that investigated flame chemiluminescence applications in Jet-A 

systems. The preliminary results presented in this thesis represents an effort to validate 

CH* and OH* chemiluminescence mechanisms in this complex fuel.  
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5.2.1.1 CO2* Chemiluminescence 

Jet-A is a complex, multi-component heavy hydrocarbon fuel that has a widely 

varying composition. The apparent underlying “blue continuum” observed in H2-CO 

flame spectra in the wavelength range 200-700 nm is primarily due to CO2* 

chemiluminescence while there are claims of contribution from other sources such as 

H2O2, H2O etc. though negligibly. However, in the combustion of complex hydrocarbon 

fuel such as Jet-A, there may be other sources (such as HCO) which might corrupt this 

“CO2* background” and the model for CO2* chemiluminescence would no longer be 

valid. 
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Figure 5.16. Nominal “CO2* background” spectral shape in typical premixed flames 

of syngas mixtures, methane and Jet-A fuels at atmospheric pressure conditions.  

To appreciate this issue, the spectral shape of the “CO2* background” in a typical 

syngas mixture (H2:CO=50:50), methane and Jet-A flame are compared in Figure 5.16. 
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The CO2* spectral profiles correspond to an equivalence ratio of 0.7. The CH* and 

C2*bandheads are removed from the spectra wherever necessary and their corresponding 

backgrounds are fitted with cubic polynomials and shown in Figure 5.16. It can be clearly 

seen that the CO2* spectral shape in Jet-A flames is very different from that of either 

syngas or methane flames. In fact, clear large peaks can be seen in the ultraviolet-blue 

region of the Jet-A flame spectrum, indicating that there may be other emitters in Jet-A 

flames that might cause this huge difference in the spectral shape. Hence, CO2* 

chemiluminescence at 375 nm is not investigated further for Jet-A flames. 

5.2.1.2 OH* and CH* Chemiluminescence 

Flame chemiluminescence was acquired in laminar premixed prevaporized Jet-A 

flames at atmospheric pressure and 450 K reactant preheat conditions. Two mechanisms 

each for OH* and CH* chemiluminescence are considered. For OH*, the two 

mechanisms in Table 5.1 are used, while for CH*, the Carl and Peeters mechanisms are 

0

2

4

6

8

10

0.5 0.7 0.9 1.1φφφφ

Data

Petersen Hybrid

Smith Hybrid

f

OH

m

S

&

&
*

   

0

3

6

9

12

15

0.5 0.7 0.9 1.1φφφφ

Data

Carl

Peeters

f

CH

m

S

&

&
*

 

Figure 5.17. Comparison between measured and simulated normalized 

chemiluminescence for a) OH* emission and b) CH* emission in Jet-A flames.  

considered. As before, we consider the variation of normalized OH* and CH* 

chemiluminescence signals with equivalence ratio to assess the accuracy of the models in 

(a) (b) 
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Jet-A flames. Results for normalized OH* and CH* emission signals are given in Figure 

5.17, and they are compared with simulations using Eq. 19 and Eq. 21.  

It can be seen in Figure 5.17a that the OH* chemiluminescence model predictions 

show significant deviation in the leaner equivalence ratio regime. However, the Smith 

hybrid performs marginally better than the Petersen hybrid in this region. So, the OH* 

mechanisms should be used with caution for predictions in lean equivalence ratios but 

they can give excellent estimates for the near stoichiometric mixtures. The discrepancy 

found in the lean equivalence ratios could be due to the inaccurate estimates of the OH* 

precursors (such as O, H, CH and O2) by the Jet-A reduced mechanism itself.  It is also 

possible that there is another OH* formation mechanism that is not accounted in the 

present analysis. Finally, lack of information about the collisional quenchers in this flame 

and their quenching rates could be the cause. 

The CH* chemiluminescence results are shown in Figure 5.17b; both the Peeters 

and Carl mechanisms produce very good agreement with the experimental data, as in the 

methane validations. The two mechanisms provide essentially identical results, except 

below φ~0.7, where the Peeters mechanism appears to provide a better match. However, 

the difference between the two is not large, and possible errors in the reduced mechanism 

preclude identifying an optimum mechanism. However, it is interesting to note that the 

simulations indicate that for near stoichiometric conditions, R2 and R3 contribute almost 

equally to the CH* signal in the Carl mechanism, while R2 dominates R3 for the Peeters 

mechanism. In spite of these differences, it is remarkable to find excellent agreement 

between the two. In summary, preliminary experimental results indicate that the CH* 

chemiluminescence can be predicted with models employing formation reactions R6 and 
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R7, as in methane flames. Furthermore, it is interesting to note that despite the significant 

variation in k2/k3 for the two mechanisms, they again provide similar results at 

atmospheric pressure. However, more experiments have to be performed at various 

pressure and preheat conditions to test the robustness of the Jet-A combustion mechanism 

as well as the OH* and CH* chemiluminescence mechanisms.  
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Figure 5.18. CH*/OH* chemiluminescence intensity ratio variation with equivalence 

ratio in a premixed, prevaporized and preheated (450K) Jet-A flame at 1 atm.  

The CH*/OH* chemiluminescence signal ratios are considered next for the sake 

of completeness. The measured chemiluminescence signal ratio is related to the simulated 

ratio through the expression given in Eq. 21. OH* chemiluminescence is modeled with 

the Smith hybrid mechanism, and CH* chemiluminescence is modeled with the Peeters 

mechanism. The experimental and simulated CH*/OH* ratios are shown in Figure 5.18. 

It can be noticed that the simulations produce good agreement at the near stoichiometric 

conditions but start deviating from the experimental data in the leaner equivalence ratios. 
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This can be explained based on the results in Figure 5.17. OH* is significantly 

underestimated in the lean regime while CH* is predicted excellently throughout the 

equivalence ratio range. Hence, the steep increase found in the simulated ratios in the 

leaner equivalence ratios. 

In summary, mechanisms for OH*, CO2* and CH* chemiluminescence have been 

validated in two hydrocarbon fuels. The CO2* global mechanism validated in the syngas 

tests provides an excellent match to the atmospheric methane data. However, in high 

pressure methane flames and Jet-A flames there is significant interference from other 

emission sources. The validated OH* mechanism adds one more formation step (R3) to 

the mechanism validated in Chapter 4. The temperature dependence given in [45] for k3 

provided the best results. In addition, the ratio k1/k3 was estimated by comparing the 

syngas and methane atmospheric data. As the literature shows a reasonable agreement on 

the magnitude for k1, this ratio was used to provide an improved estimate for the pre-

exponential factor (i.e., the A coefficient) for k3. The validated OH* mechanism captures 

the φ and pressure dependence well, but failed to capture the reactant preheat effect at 

high pressure. A mechanism for CH* was also validated, though two sets of rate 

constants (Carl and Peeters) were able to predict the methane and Jet-A experimental 

data. The Peeters rate constants produced a better match for the φ dependence in the 

atmospheric flames, while the Carl values provided slightly better φ and preheat 

temperature dependence results at elevated pressure. As in the syngas case, there are 

possible systematic errors in the high pressure simulations due to inaccuracies in the 

flame reaction mechanisms employed here. In addition, radiative trapping and thermal 

OH* production are likely error sources for the high pressure experiments. Excellent 
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agreement between the global chemiluminescence measurements in the laminar and swirl 

methane flames was observed. The fact that the swirl combustor conditions are likely in 

the corrugated flamelet or thin reaction zone regimes suggests that the dependence of 

chemiluminescence on conditions in laminar flames have relevance in a number of 

turbulent flames. 
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CHAPTER 6  

IMPLICATIONS FOR COMBUSTION SENSING 

 

The goal of this chapter is to examine chemiluminescence using the mechanisms 

for OH*, CO2* and CH* validated in the previous chapters. Specifically, the effect of 

pressure, reactant preheat, aerodynamic strain rate, fuel-air ratio and product recirculation 

on chemiluminescence signals are examined for lean premixed methane and syngas 

flames. The fundamental aspects of OH*, CH* and CO2* chemiluminescence in 

premixed flames are investigated in the first section. The usefulness of flame 

chemiluminescence for sensing important combustion parameters, specifically heat 

release rate and reaction zone equivalence ratio, are examined next. As part of the heat 

release studies, the CO2* background is estimated at the OH* and CH* detection 

wavelengths and its implications are presented. This is followed by a discussion on the 

relative contributions of thermal and chemical sources to OH* in the final section. While 

the findings presented in this chapter are based on laminar data and simulations, the 

agreement between the swirl combustion experiments and the laminar results described in 

Chapter 5, suggest the findings presented here are likely relevant to many practical 

turbulent combustors. 

6.1 Basic Aspects of Chemiluminescence 

In syngas flames, we have seen that excited state OH* is formed via R1 while in 

methane combustion, both R1 and R3 are active. Similarly CH* is produced in methane 

flames primarily by reactions R6 and R7. Before proceeding further, we begin by 
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considering the zone where chemiluminescence is produced and the relative branching 

between the formation reactions for OH* and CH* for varying operating pressure and 

temperature. Additionally, these issues for CO2* chemiluminescence are considered, but 

only in syngas flames.  

6.1.1 OH* Chemiluminescence 

Methane and a representative syngas mixture with equi-molar fractions of H2 and 

CO are considered with air as the oxidizer. The operating conditions correspond to three 

pressures (1, 5 and 15 atm) and two reactant preheat temperatures (~500 and 700 K). 

First, spatially integrated OH* emission (IOH*) in syngas flames is considered. An 

equivalence ratio of 0.8 is considered for the analysis. For each condition, the OH* 

profile is normalized by the value attained at Li=5 cm. 
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Figure 6.1. Spatially integrated OH* chemiluminescence in syngas (H2:CO=50:50) 

flames at various pressure and temperature conditions.  
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Results for the normalized IOH* plotted against residence time in the combustor is 

shown in Figure 6.1. It can be seen that the contribution of the exhaust zone to OH* 

production significantly increases with pressure. In atmospheric systems, most of the 

OH* is produced in the reaction zone while in high pressure systems this contribution 

decreases rapidly. 

For example, even at 5 atm and 700 K, the reaction zone produces a mere 30 % of 

the total OH* signal with the remainder coming from the hot exhaust products. So, in 

high pressure systems, any changes to the exhaust zone environment can drastically 

effect the OH* signal intensity. For example in many gas turbine engines, 

cooling/dilution air is added downstream and this could significantly lower the OH* 

signal for syngas fuels. The OH* signal increases almost linearly in the exhaust zone, as 

the products of combustion are approaching equilibrium concentrations. In other words, 

the nearly constant conditions in the exhaust products produce a nearly constant local 

chemiluminescence rate. The effect of pressure is also seen to dominate the influence of 

reactant preheat. This may be due to the decrease in reaction zone thickness and radical 

superequilibrium levels as pressure is increased. Both effects will tend to reduce the 

relative amount of OH* chemiluminescence from the primary heat release zone. 

Residence time of the product gases in the combustor is another important factor that 

effects the OH* signal output. For example, at 15 atm and 700 K, an increase in residence 

time from 1 ms to 3 ms increases the OH* signal by 20 %.  

A similar, but less pronounced effect is seen in methane flames. Figure 6.2 shows 

that most of the OH* signal is produced in the reaction zone at lower pressures (1-5 atm), 

while at higher pressures, the contribution from the hot product zone becomes significant. 



www.manaraa.com

 112 

For example for room temperature reactants at atmospheric pressure, 95% of the OH* 

signal comes from the primary heat release zone, whereas at 15 atm and 700 K it is only 

25%. Product zone emission is due to formation reaction R1, as R3 requires CH, which is 

not present in significant levels in the exhaust gases, whereas the R1 reactants include O 

and H, which are general dissociation products of H2O and O2. Thus we see that R1  
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Figure 6.2. Spatially integrated OH* chemiluminescence in methane flames at 

various pressure and temperature conditions. 

becomes more prominent  at high  pressures. Moreover, R1 is a three body  reaction,  

which  is  greatly enhanced by pressure.  

These observations are further illustrated in Figure 6.3, which shows the local 

emission intensity profile for a laminar methane-air flame at 5 atm with reactants at 

700 K and φ=0.8. While R3 dominates in the thin reaction zone, the contribution of R1 in 

the potentially wider product/exhaust zone can become more important. To further  

t (ms) 
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Figure 6.3. Comparison between the volumetric photon emission rate (iOH*) for OH* 

produced by R1 and R3, in a methane-air flame at 5 atm, 700 K (φφφφ=0.8).  

investigate the OH* branching, i.e., the relative contributions of R1 and R3 to the total 

OH* signal, we compare the integrated OH* signal intensity produced by R1 and R3 

(Table 6.1). 

Table 6.1. Fractional contribution of OH* formation reaction R1 to the total OH* 

chemiluminescence signal in methane-air flames at different temperature and 

pressure conditions, based on residence time for an equivalence ratio of 0.8.  

Operating Conditions End of Reaction 

Zone 

t=0.5 ms t=2 ms t=5 ms 

1 atm, 300 K 17% 5% 17.6% 18% 
1atm, 500 K 20% 17% 22% 22.5% 

5atm, 500 K 18% 19.3% 20.3% 22% 

5atm, 700 K 21% 26% 29% 37% 

15atm, 700 K 22% 28% 43% 57% 

 

As suggested previously, R3 is the dominant OH* production pathway in 

atmospheric pressure flames, contributing about 80% of the OH* signal. While the 
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analysis is presented for an equivalence ratio of 0.8, the results are similar for other lean 

stoichiometries as well. In addition, R1 never dominates the methane primary heat release 

zone; its contribution is approximately 20% of the total OH* chemiluminescence by the 

end of the reaction zone for all the operating conditions studied here. Thus under most 

conditions, OH* is mainly produced via R3 in the primary heat release zone. The overall 

contribution of R1 increases with residence time of the combustor, as expected. However, 

the increase is most rapid in the 15 atm, 700 K flame, with the R1 contribution reaching 

almost 60% at a residence time of 5ms. Though not shown here, R1 contributes ~80% of 

the OH* signal for near stoichimetric flames at these conditions, but <25% for flames 

with φ<0.7.  

Table 6.2. Peak concentrations of relevant species in OH* formation reactions, in 

methane-air flames at different pressure and temperature conditions. The 

equivalence ratio is 0.8 and the concentration units are mol/cm
3
.  

Operating Conditions [H] [O] [O2] [CH] 

1 atm, 300 K 1.9 × 10
-8 

2.0 × 10
-8 

7.9 × 10
-6 

5.5 × 10
-12 

1atm, 500 K 2.8 × 10
-8

 2.9 × 10
-8 

4.7 × 10
-6 

1.2 × 10
-11 

5atm, 500 K 3.4 × 10
-8

 4.8 × 10
-8 

2.4 × 10
-5 

1.6 × 10
-11 

5atm, 700 K 5.6 × 10
-8

 7.6 × 10
-8 

1.7 × 10
-5 

3.9 × 10
-11 

15atm, 700 K 5.9 × 10
-8

 9.0 × 10
-8 

5.1 × 10
-5 

4.1 × 10
-11 

 

High pressure and high preheat temperature have competing effects on the R1 

formation rate, with higher temperatures favoring dissociation (O and H), whereas high 

pressure discourages dissociation, though enhancing the third body concentration in R1. 

If the peak concentrations for the above species are considered, as in Table 6.2, it can be 

seen that an increase in preheat by 200 K, increases the peak [O] and [H] by ~50% and 

doubles the peak [CH]. However, an increase in preheat decreases the peak [O2] due to 

dissociation. Increasing pressure at constant preheat does not appreciably increase the 



www.manaraa.com

 115 

peak concentrations of the radical species [O], [H] and [CH], while the peak [O2] and [M] 

increase proportionally.  

In summary for high pressure and high temperature reactants, the contribution of 

the exhaust zone to the total OH* signal via reaction R1 is significant, in both methane 

and syngas flames. This effect is more prominent in near stoichiometric flames. In 

methane-air flames, R3 is dominant in the flame reaction zone but becomes insignificant 

in the exhaust zone. Thus, the total OH* signal captured can become dependent on the 

residence time of the hot product region in the combustor. 

6.1.2 CH* Chemiluminescence 

As CH* is not produced in syngas combustion, only methane-air flames are 

considered in this section. Both CH* formation reactions, R6 and R7, contain C2H as one 

of the reactants, which is a fuel radical and therefore exists only in the primary reaction 

zone for lean hydrocarbon flames. As a consequence, CH* is confined to the primary 

zone as can be seen in Figure 6.4, which is based on the kinetic parameters from the Carl 

mechanism. The two formation steps are nearly coincident within the primary heat 

release zone, though the CH* produced by R6 peaks later than the R7 contribution due to 

the relative increase in [O] compared to [O2] there. Because CH* is confined to the 

primary reaction zone, the total CH* signal should be nearly independent of the residence 

time within the combustor, unless the residence time is less than that needed for the 

primary fuel combustion steps to be completed.  
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Figure 6.4. Comparison between the volumetric photon emission rate (iCH*) for CH* 

produced by R6 and R7, in methane-air flame at 5atm, 700 K (φφφφ=0.8).  

Next, we consider the relative contributions of R6 and R7 to the total CH* signal 

at different pressures and temperatures. For this analysis, an arbitrary residence time of 

2 ms is used, and the results are presented in Table 6.3. R7 is the dominant CH* 

production pathway in methane-air flames, and even more so at high pressure and 

temperature conditions. Pressure has a stronger effect than temperature on the branching 

ratio between the reactions. The reason lies in the manner by which pressure and 

temperature influence the O and O2 concentrations. High pressures tend to lower the 

[O]/[O2] ratio, thus decreasing the contribution from R6. Similarly, higher temperatures 

increase the ratio and the R6 formation step. Thus it should be expected that the 

contribution from R6 would further decrease at higher pressures and for very lean (low 

temperature) conditions. 
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Table 6.3. Fractional contribution of CH* formation reaction R6 to the total CH* 

chemiluminescence signal in methane-air flames at different temperature and 

pressure conditions (φφφφ=0.8). 

Operating Conditions t=2 ms 

1 atm, 300 K 37% 
1atm, 500 K 40% 

5atm, 500 K 19% 

5atm, 700 K 22% 

15atm, 700 K 11% 

 

6.1.3 CO2* Chemiluminescence  

CO2* chemiluminescence occurs in syngas as well as methane flames. However, 

as the photon emission rate given by the current CO2* mechanism is based on 

experimental data from syngas systems, and also due to the observed discrepancies in 

methane flames (Chapter 5), CO2* chemiluminescence is investigated here only for 

syngas flames, with a nominal H2:CO=50:50 mixture analyzed. As CO2* is formed from 

CO and O, it can be expected to be produced in the product gases as well as the primary 

reaction zone. Normalized and spatially integrated CO2* chemiluminescence profiles are 

shown versus residence time in Figure 6.5.
*
 Most of the CO2* is produced in the reaction 

zone at atmospheric pressure. 

                                                 

 
*
For each condition, the CO2* profile is normalized by the spatially integrated value attained at the 

residence time corresponding to 5 cm beyond the beginning of the reaction zone. 
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Figure 6.5. Normalized spatially integrated CO2* chemiluminescence in 

H2:CO=50:50 syngas mixture at various pressure and temperature conditions 

(φφφφ=0.8).  

However, as the pressure is increased, more and more of the CO2* is produced in the hot 

product region. For example, at 5 atm and 500 K preheat, almost 70% of the CO2* signal 

is produced downstream of the primary heat release zone. Thus at high pressures, the 

CO2* chemiluminescence signal will depend considerably on the residence time of the 

hot product zone in a combustor. For example, for the 5atm and 700 K case, the CO2* 

signal increases by ~32% between 1 and 3 ms, whereas it increases by a mere 8% for the 

atmospheric pressure and room temperature reactant flame. Thus if the conditions of the 

exhaust zone are modified (e.g., by introduction of dilution air or radiant heat losses), the 

CO2* chemiluminescence signal can be drastically affected.  

t (ms) 
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6.2 Combustion Sensing Applications 

Flame chemiluminescence is used for various diagnostic purposed in combustion, 

for example for sensing fuel-air ratio and as a measure of heat release rate. These sensing 

applications are explored here using the developed chemiluminescence models, with 

special attention given to the impact of varying operating conditions, specifically 

pressure, reactant preheat, strain rate and exhaust gas recirculation (EGR).  

6.2.1 Heat Release Sensing 

To examine heat release sensing, it is convenient to normalize the emission 

intensities with the heat release rate per unit flame area, q (W cm
-2

), which is given for 

the simulations by 

 ∫ ′=
L

dxqq

0

  (22) 

where q′ (W cm
-3

) is the volumetric heat release rate at a point in the flame and L again is 

the integration length. Here, L is chosen such that it corresponds to a post-flame residence 

time of 2.5 ms, which is characteristic of many practical combustors. For sensing heat 

release rate, one would ideally like this normalized chemiluminescence signal (IC/q) to be 

a constant, i.e., only a weak function of other flame conditions, such as equivalence ratio, 

pressure and preheat temperature. In the following, the calculated normalized 

chemiluminescence emission intensities were scaled by a single constant to make their 

values convenient for plotting. Experimental results for chemiluminescence signals 

normalized with fuel mass flow rate (IC/mf) are also used for interpreting the modeling 
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results, wherever necessary. It should be noted that in lean flames, q is proportional to 

mass flow rate of the fuel.  

6.2.1.1 Syngas 

A representative H2:CO=50:50 syngas mixture is considered for this study, and 

normalized OH* (IOH*/q) and CO2* (ICO2*/q) chemiluminescence signals are analyzed. 

6.2.1.1.1 Effect of Pressure and Temperature 

Results for normalized OH* chemiluminescence signals are shown in Figure 6.6a 

as a function of equivalence ratio (limited to lean operation) for different pressures and 

preheat conditions, with the range representative of gas turbine conditions. It is clear that 

the normalized OH* signal is a strong function of equivalence ratio, with as much as a 

five times increase from φ=0.5 to 1 at lower pressures and almost a factor of 70 increase 

at 15 atm. At higher pressures with preheat, the equivalence ratio dependence changes 

abruptly at φ~0.7. The reason for this rapid increase is due to the rapid increase in the 

formation rate as compared to the quenching rate of the excited species. The quenching 

rate does not significantly change across the equivalence ratio considered while the 

formation rate increases many fold in this range. However, the flame thickness also 

decreases with equivalence ratio, which affects the integrated chemilumincescence 

intensity (Ic). Therefore, it is the complex interplay between flame thickness, OH* 

formation and OH* quenching that decides the magnitude of the signal.  

The simulation results also reveal that the normalized OH* chemiluminescence 

generally decreases with pressure for lean mixtures, except at near stoichiometric 

conditions. At this point, the general decrease in signal from the primary heat release 
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region is starting to be offset by the effect of emission from the product gases for the 2 

ms integration time chosen. The effect of preheat on the normalized OH* signal is more 

uniform in that it causes an overall increase in the OH* signal throughout the equivalence 

ratio range. Thus we find that the relative amount of OH* chemiluminescence per unit 

heat release is greatly enhanced at high temperatures. The above results comparing values 

across different pressures and preheat temperatures should be interpreted cautiously, as 

the models may not be accurate in such comparisons. Still, the general trends should 

hold. 

0

2

4

6

8

10

0.45 0.65 0.85 1.05
φφφφ

P=1,T=298K

P=1,T=498K

P=5,T=498K

P=5,T=698K

P=15,T=698K

q

IOH*

    

0

16

32

48

64

0.45 0.65 0.85 1.05
φφφφ

P=1,T=298K

P=1,T=498K

P=5,T=498K

P=5,T=698K

P=15,T=698K

q

ICO *2

 

(a) (b) 

 

Figure 6.6. Variation of (a) OH*, (b) CO2* chemiluminescence with equivalence 

ratio at various pressure and preheat conditions. 

The normalized CO2* signal, Figure 6.6(b), also depends strongly on equivalence 

ratio but usually to a lesser degree compared to OH* chemiluminescence. It increases 

across the φ=0.5-1 range by about 3.5 times at atmospheric pressure and by ~30 times at 

15 atm. However, most of this change occurs for φ>0.7 for all the pressure and 

temperatures considered. Thus for very lean syngas mixtures, CO2* chemiluminescence 

has some advantage for heat release rate sensing compared to OH* chemiluminescence, 

as minor variations in equivalence ratio and preheat temperature would cause smaller 

changes in the chemiluminescence signal. For example, a ±5% variation of equivalence 
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ratio at φ=0.6 at 15 atm and 700 K, would produce a ±18% change in the CO2* signal per 

unit heat release. The same change would produce nearly twice the change (± 30%) in the 

OH* signal per unit heat release. The rapid increase in ICO2*/q for higher equivalence 

ratios is attributed to the rapid increase in the formation rate of CO2* caused by the rapid 

rise in temperature and [O]. It also results from significant amounts of CO2* produced 

downstream of the primary reaction zone in the hot products (again when temperature 

and [O] are high). This would be even more important in combustors with longer 

residence times, as observed earlier (Figure 6.5). In syngas flames as noted previously, 

this also occurs for OH*. However, the contribution from the post-flame zone is not as 

significant as for CO2*.  

The pressure dependence of the normalized CO2* signal is also different. Only at 

very lean equivalence ratios does the normalized CO2* signal consistently decrease with 

pressure as observed for OH*. Otherwise there appears to be a non-monotonic pressure 

effect; an increase in pressure from 1-5 atm reduces ICO2*/q, while a further increase to 

15 atm produces a significant rise in the normalized signal. At a given pressure, however, 

the CO2* signal per unit heat release responds like the OH* signal to a rise in reactant 

temperature; it increases throughout the equivalence ratio range.  

6.2.1.1.2 Effect of Aerodynamic Strain Rate 

Aerodynamic strain is an important aspect of turbulent flames, and therefore it is 

relevant to most practical combustors with high volumetric efficiency. Up to this point in 

the thesis, only unstrained laminar flames were simulated. Aerodynamic strain modifies 

the residence times of the various species in the flame front, and impacts the diffusion 

rates of species and energy. So it is important to gain some understanding on the 
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dependence of chemiluminescence signals on strain rate for interpreting 

chemiluminescence data in practical devices.  
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Figure 6.7. Strain rate dependence of OH* (solid lines) and CO2* (symbols on lines) 

chemiluminescence in H2:CO=50:50 syngas mixture. 

A framework for numerical modeling of chemiluminescence in opposed flow, 

laminar, premixed strained flames has been previously demonstrated [10]. That approach 

is employed here, with the OH* and CO2* signals again normalized by the heat release 

rate per unit flame area. However, in this case, the volumetric heat release rate (q’) 

profile is integrated up to the stagnation plane.  

Simulation results for OH* and CO2* chemiluminescence with varying strain rate, 

at different pressure and preheat conditions, are shown in Figure 6.7. The equivalence 

ratio of the mixture is fixed at 0.7. The zero strain solution corresponds to that of the one-

dimensional laminar premixed flame. The CO2* signal per unit heat release continuously 

decreases with strain for the atmospheric pressure cases. However for the higher pressure 

φ=0.7 
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case, the CO2* signal is essentially independent of strain, except for an initial drop from 

the zero strain solution. This drop may be due to the difference in the calculation 

approaches for the zero strain and strained flames rather than being indicative of a strain 

effect. Preheating the reactants does not seem to effect the behavior of the normalized 

CO2* signal with strain (other than to increase ICO2*/q as noted previously). Since q 

decreases with strain, the results show that the CO2* signal decreases faster than q with 

strain. The normalized OH* signal (included in Figure 6.7) also decreases continuously 

with strain, except for the room temperature and pressure case. Furthermore, IOH*/q is less 

sensitive to strain, decreasing by no more than 11% for the conditions examined, whereas 

ICO2*/q changes by 30% for the same strain rate range.
*
  

Summarizing the findings up to this point, OH* chemiluminescence can be 

identified as a better heat release marker for turbulent premixed syngas flames at near 

stoichiometric conditions. It has a lower strain dependence and is less sensitive to 

equivalence ratio variations for these conditions. For leaner conditions, heat release 

measurements employing CO2* may be advantageous, due to the lower dependence on 

changes in φ and preheat temperature, even though the strain dependence is somewhat 

greater. 

6.2.1.1.3 Effect of Reactant Product Mixing 

The influence of hot products mixing with reactants before combustion occurs is 

another aspect of practical combustors that needs to be considered. Exhaust gas 

                                                 

 
*
Thus the results also suggest that the chemiluminescence ratio ICO2*/ IOH* will also decrease with strain. 
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recirculation (EGR) is a popular strategy for NOx control in many practical combustion 

devices [79-81]. In addition, reactant-product mixing can also occur as part of the 

stabilization processes in combustors. For example in gas turbine combustors, swirl 

stabilization and partial lifting of lip- or dump- stabilized flames can produce zones 

where product-reactant mixing can occur prior to combustion. Therefore, we examine the 

effect of product recirculation on flame chemiluminescence. The fraction of product gas 

in the reactants is commonly quantified by an EGR ratio, specifically the mass ratio of 

recycled gases to the total mass of the mixture. 

Adiabatic product recirculation (denoted hot EGR here) was examined for a 

syngas equivalence ratio of 0.7, and for EGR ratios of 5, 11 and 20%. Note, as the EGR 

ratio is increased, the inlet temperature of the reactants increases but the final product 

temperature remains constant since adiabatic product recirculation is simulated. Results 

are shown for the normalized OH* and CO2* chemiluminescence in Figure 6.8. Neither 

IOH*/q nor ICO2*/q is appreciably affected by product recirculation. The normalized OH* 

signal does increase somewhat with recirculation (by ~10%) for the two atmospheric 

pressure cases. For example at 11% EGR, IOH*/q increases by about 6% at 298 K and 9% 

at 500 K compared to the 0% EGR case. The effect at higher pressure is even smaller, 

IOH*/q is practically constant at 5 atm. The CO2* signal (ICO2*/q) varies only slightly (a 

few percent), increasing at 1 atm and decreasing at 5 atm. Reactant preheating does not 

change this result. In summary, product recirculation does not appear to significantly 

impact the ability of OH* or CO2* chemiluminescence to provide measurements of heat 
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release in syngas fuels.
*
 It is interesting to note that for a given operating condition, the 

temperature at which the OH* profile (iOH*) peaks, did not change significantly over the 

EGR ratios considered. The same was observed for the CO2* profile.  
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Figure 6.8. Dependence of OH* (solid lines) and CO2* (symbols on lines) 

chemiluminescence on product recirculation in a H2:CO=50:50 (φφφφ=0.7) syngas 
mixture. 

6.2.1.2 Methane 

While chemiluminescence from OH*, CH* and CO2* occur in methane-air, the 

CO2* signal is more readily corrupted in practical combustors, for example by other 

broadband sources such as HCO chemiluminescence and blackbody radiation sources, 

e.g., soot and combustor walls. So, only the normalized OH* (IOH*/q) and CH* (ICH*/q) 

chemiluminescence signals are considered in this analysis.  

                                                 

 
*
This also suggests that product recirculation would have little effect on the ratio ICO2*/ IOH*.. 

φ=0.7 
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6.2.1.2.1 Effect of Pressure and Reactant Preheat 

Simulation results for OH* chemiluminescence are presented in Figure 6.9, and it 

can be seen that the normalized OH* signal is a strong function of equivalence ratio, as in 

the syngas case. IOH*/q increases by six times at atmospheric pressure for 0.6<φ<1. At 

high pressure (15 atm), the dependence is even greater, with an increase of ~70 times for 

the same equivalence ratio range.  

Pressure in general, decreases the normalized OH* signal over the entire φ range. 

However, this decrease is more pronounced for leaner mixtures. This effect has been 

observed in an earlier experimental study [19]. At a given equivalence ratio and pressure, 

preheating also increases the normalized OH* signal, and again the increase is more 

pronounced for leaner conditions. Overall, the variation with pressure over typical 

operating conditions is more significant than the preheating effect. However, 

experimental results in methane-O2/He flames at elevated pressures only indicate a 

decrease of OH* signal with pressure consistent with the model predictions but otherwise 

reveal a negligible effect of reactant preheat as shown in Figure 5.10.   

These results can be explained by examining the OH* formation and destruction 

rates. As shown above, R3 dominates the overall formation in low pressure 

environments, responsible for almost 80% of the OH* signal at atmospheric pressure. As 

R3 formation occurs in the primary reaction zone and because increasing pressure 

reduces the flame thickness, the normalized integrated OH* signal associated with R3 

decreases with pressure (the actual OH* signal increases, but q increases faster). While it 

is true that the contribution from R1 in the product gases increases with pressure 

(representing ~50% of the total OH* production at 15 atm), the limited residence time 
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assumed in this simulation limits its effect. Also, lower temperatures for leaner 

equivalence ratios reduces mole fractions of the radicals (CH, O and H) necessary for 

OH* formation. 
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Figure 6.9. OH* chemiluminescence in methane at various pressure and preheat; 

the high pressure results are scaled to the right axis. 

The dependence of OH* chemiluminescence-based heat release sensing of 

equivalence ratio fluctuations can be determined from Figure 6.9. In general, there is less 

dependence at near stoichiometric conditions. For example at 15 atm, a ±5% equivalence 

ratio fluctuation around a mean value of φ=0.9 would cause a ±20% change in the 

sensitivity of chemiluminescence to heat release rate. The same ±5% fluctuation at 

φ=0.55, would cause a larger (±30%) change. Similarly for reactant preheat and pressure 

fluctuations, the relation between OH* chemiluminescence and heat release shows less 

variation at near stoichiometric conditions. For example at 5 atm and a 200 K preheat 

change, IOH*/q increases by 35% at φ=1.0 whereas it increases by twice that (70%) at 
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φ=0.7. However, as shown in Figure 5.10, the experiments suggest that at elevated 

pressures, the effect of reactant preheat may not be significant and any fluctuations in 

preheat would not change the OH* chemiluminescence signal appreciably.  

The results for CH* chemiluminescence are shown in Figure 6.10. The 

normalized CH* signal increases by as much as 15 times at atmospheric conditions but 

only by four times at 15 atm for 0.6<φ<1. Thus in contrast to OH* chemiluminescence 

for methane-air flames, the equivalence ratio dependence is reduced for CH* at high 

pressure. Experimental results for methane-O2/He flames in Figure 5.13and Figure 5.10 

at 10 atm-298 K  indicate an increase of ~4 times in CH* signal as compared to ~20 

times increase in OH* signal in 0.66<φ<1, consistent with the modeling predictions.  
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Figure 6.10. CH* chemiluminescence in methane at various pressure and preheat 

conditions. 

Model predictions indicate that reactant preheat produces a uniform increase in 

ICH*/q throughout the equivalence ratio range, by 1.5 times at atmospheric pressure. 
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However at 5 atm, a 200 K preheat enhances ICH*/q more for leaner mixtures. Also for a 

given temperature and equivalence ratio, pressure decreases ICH*/q, with the decrease 

more pronounced near φ=1.0. For example raising the pressure from 5 to 15 atm results in 

a drop in ICH*/q of 43% at φ=1.0, but only 20% at φ=0.6. These observations were also 

verified experimentally in methane-O2/He flames at elevated pressures. At 5 atm, reactant 

preheating clearly increased the CH* chemiluminescence signal in Figure 5.14. Similarly, 

comparing the 5 atm and 10 atm results, it can be seen in Figure 5.14 that the CH* signal 

decreased by ~4 times, almost uniformly, with increase in pressure. Similar trends were 

also observed in an earlier experimental effort [30].  

To compare CH* to OH* for heat release sensing under unsteady conditions, e.g., 

combustion instability, we examine the dependence of ICH*/q to fluctuations in 

equivalence ratio and reactant temperature. For equivalence ratio oscillations at 15 atm, a 

±5% change in equivalence ratio produces a ±15% change in ICH*/q. However similar 

fractional changes in equivalence ratio would produce a ±20% fluctuation at φ=0.9 and a 

±30% change at φ=0.55 in OH* signal at 15 atm. This suggests that CH* is better suited 

for high pressure applications of heat release sensing compared to OH*. However, the 

current experimental results in the methane-O2/He flames show that preheating has a 

weaker effect on IOH*/q compared to ICH*/q (see Figure 5.10 and Figure 5.13).  

6.2.1.2.2 Effect of Aerodynamic Strain 

Simulation results for the normalized OH* and CH* signals in an opposed flow 

(strained) flame are shown in Figure 6.11 for an equivalence ratio of 0.7. ICH*/q is 

somewhat more dependent on strain at atmospheric conditions than IOH*/q. Reactant pre- 
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Figure 6.11. Strain rate dependence of OH* (lines) and CH* (lines with symbols) 

chemiluminescence in methane-air flames at φφφφ=0.7. 

heating makes both signals less dependent on strain. For the high pressure case, both 

signals are practically independent of strain. This may be because both preheat and 

pressure result in thinner flames, which require higher strain rates to influence the 

reaction zone. Similar trends were observed for calculations with a stoichiometric 

mixture.  

It is interesting to examine the effect of aerodynamic strain rate on the individual 

production pathways of OH* and CH*. Simulation results for the relative contributions of 

R1 and R3 to the normalized OH* signal and their dependence with strain rate are shown 

in Figure 6.12 for an equivalence ratio of 0.7. The OH* production from R1 generally 

decreases with strain, whereas strain enhances production for the R3 path. 
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Figure 6.12. Strain rate dependence of OH* chemiluminescence produced via R1 

(lines) and R3 (lines with symbols) in methane-air flames (φφφφ=0.7). 

This is because as strain rate increases, the residence time decreases, and OH* 

production via R1 being a strong function of residence time results in a reduction of OH* 

signal, as discussed earlier (Table 6.1). Moreover, this residence time effect is more 

prominent in near stoichiometric flames. So under stoichiometric conditions, the 

normalized OH* signal decreases by as much as 50% compared to the unstrained case, 

even at high pressure. Whereas, in case of R3, q decreases faster than IOH* which causes 

the increase in the normalized OH* signal. This is because the q’ (heat release rate) 

profile is wider than OH* (iOH*) profile in the flame, and therefore strain effects q’ more 

than iOH*. Similarly results for the strain dependence of reactions R6 and R7 for CH* 

production are given in Figure 6.13. In this case, ICH*/q produced by either R6 or R7 

increases with strain irrespective of the pressure and temperature conditions. CH* is only 
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produced in the reaction zone, which causes the increase in the normalized CH* signal 

due to reasons similar to those given above.  
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Figure 6.13. Strain rate dependence of CH* chemiluminescence produced via R6 

(lines) and R7 (lines with symbols) in methane-air flames (φφφφ=0.7). 

6.2.1.2.3 Effect of Reactant Product Mixing 

Results for OH* and CH* with adiabatic product recirculation are shown in 

Figure 6.14 at an equivalence ratio of 0.7. As in the syngas case, the normalized OH* 

signal is practically unaffected by product recirculation at the pressure and preheat 

conditions studied here. On the other hand, the normalized CH* signal is significantly 

affected; it increases by as much as 50% for the 20% EGR case. Higher pressures inhibit 

this increase in CH* signal with EGR. In these cases, q increases only by ~5% in the 

range of EGR ratios considered. This implies that ICH* increases faster than q. Similar 

behavior of OH* and CH* signals is also observed in near stoichiometric flames. EGR, 

unlike aerodynamic strain rate, affects the OH* (R1 and R3) and CH* (R6 and R7) 
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production pathways similarly, increasing both. The contributions from R1 and R3 for 

OH* increase slightly with EGR, while contributions from R6 and R7 increase as much 

as 50% for the atmospheric conditions, in the range of EGRs considered.  
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Figure 6.14. Dependence of OH* (solid lines) and CH* (lines with symbols) 

chemiluminescence on product recirculation in methane-air flames (φφφφ=0.7). 

Most of the OH* is produced by R3, which has CH as one of its reactants. Both 

R6 and R7 responsible for production of CH* have C2H as one of its reactants. However, 

OH* is weakly affected by EGR while CH* signal increases noticeably. This only proves 

that EGR favors C2H more than CH. It can be seen in Table 6.4 that peak [C2H] increases 

as much as 42%, while peak [CH] only increases by 6% , at 1atm 500 K, for a 5%-20% 

increase in EGR.  
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Table 6.4. Percentage increase in [CH] and [C2H] peak concentrations for a 5% to 

20% increase in EGR for an equivalence ratio of 0.7. Concetration units in mol/cm
3
.  

Operating Conditions [CH] [C2H] 

1 atm, 300 K 9.6% 35% 

1atm, 500 K 6% 42% 

5atm, 500 K 5% 23% 

 

6.2.2 Equivalence Ratio Sensing 

As previously noted, experiments reported in the literature for some hydrocarbon 

flames at certain conditions showed the variation of chemiluminescence intensity ratios, 

such as CH*/OH* or C2/OH*, with equivalence ratio be promising for equivalence ratio 

sensing. For this sensing application, it would be preferable that this variation be 

monotonic with a good sensitivity (steep slope) for greater reliability and accuracy. The 

variation of chemiluminescence intensity ratios in methane and a H2:CO=50:50 syngas 

mixture are studied over a range of operating conditions. Experimental results are used to 

interpret the modeling results wherever applicable.  

6.2.2.1 Syngas 

In syngas flames, CO2*/OH* ratio is the only ratio that can be measured. The 

computed emission ratios for the syngas mixture considered (H2:CO=50:50) were scaled 

with to match the validation data at atmospheric conditions (Chapter 4). For syngas-air 

flames at atmospheric conditions, this scaling constant (Cdet) had a value of 20. However, 

for syngas flames with O2/He as the oxidizer, at elevated pressure and temperature 

conditions, this scaling constant was found to be ~32. This suggests that the models either 

under predict CO2* or over predict OH* in such conditions. So, the models can only be 
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used to qualitatively interpret the behavior of the chemiluminescence intensity ratio 

CO2*/OH* with equivalence ratio. The CO2* and OH* profiles were spatially integrated 

such that they correspond to a combustor residence time of 2-3 ms, which is 

characteristic of a number of low NOx combustors.  

6.2.2.1.1 Effect of Pressure and Temperature 

It can be seen in Figure 4.3 and Figure 4.8 that the variation of CO2*/OH* ratio 

with equivalence ratio is similar for syngas flames at various operating conditions. In 

general, the CO2*/OH* ratio remains nearly constant for φ>0.7 and then steeply increases 

for very lean flames, i.e., φ<0.7. This makes the CO2*/OH* signal ratio of little use for 

sensing equivalence ratio, except perhaps at very lean conditions. This is further 

illustrated with simulations for a H2:CO=50:50 mixture at different pressure and 

temperature conditions (Figure 6.15). The simulated ratios were scaled to the baseline 

atmospheric case for convenience. Again, the results in Figure 6.15 should be interpreted 

primarily in regard to their φ variation.
*
 Nevertheless, the results clearly indicate that 

ICO2*/IOH* would make a poor choice for sensing equivalence ratio in the range of 

pressures and temperatures considered. 

                                                 

 
*
For example, the experimental data for a H2:CO~33:67 mixture at φ=0.6 (Figure 4.8), show the ICO2*/IOH* 

ratio increasing with pressure, unlike the simulations. 
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Figure 6.15. Variation of the CO2*/OH* chemiluminescence ratio with equivalence 

ratio at various pressure and preheat conditions. The atmospheric results are scaled 

with the left axis; the rest of the data scale with the right axis. 

6.2.2.2 Methane 

In premixed methane flames, ICH*/IOH* has been shown to be a promising 

candidate for sensing equivalence ratio at various pressures [30].
*
 As concluded in 

Chapter 5, the chemiluminescence models can be used to qualitatively predict the 

dependence of the CH*/OH* chemiluminescence intensity ratio with equivalence ratio. 

At atmospheric conditions, the computed ICH*/IOH* values were scaled by a constant to 

match experimental validation data. This scaling constant is ~24 at room pressure and 

                                                 

 
*
 ICO2*/IOH* results presented in Chapter 5 at atmospheric conditions show this ratio to be non-monotonic 

and only weakly sensitive to φ; thus it is not considered here. 
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temperature conditions in methane-air flames. However, at elevated pressure conditions 

(and with the He/O2 oxidizer), this scaling constant was between 0.5 and 2.  

6.2.2.2.1 Effect of Pressure and Temperature 

In Chapter 5, the chemiluminescence intensity ratio ICH*/IOH* was seen to 

monotonically increase with equivalence ratio for atmospheric pressure conditions. 

However, the variation of ICH*/IOH* was not the same at elevated pressures. For example, 

it can be seen in Figure 5.14 that at 10 atm the ratio is decreasing, while at 5 atm it is 

closer to constant throughout the equivalence ratio range. Figure 6.16 provides further 

indication of this with simulation results at a range of pressure and temperature 

conditions for methane-air flames. The simulated chemiluminescence ratios are scaled 

with the Cdet value determined from the baseline atmospheric results. At atmospheric 

pressure, ICH*/IOH* monotonically increases as expected. At 5 atm, there is little change in 

ICH*/IOH* with equivalence ratio (similar to what was observed in methane-He/O2 flames), 

except for very lean conditions, i.e., φ<0.65. This suggests that ICH*/IOH* cannot be used 

for sensing equivalence ratio in some conditions. At even higher pressures (15 atm), 

ICH*/IOH* again varies significantly with φ, now decreasing monotonically (again in 

agreement with the methane-He/O2 validation experiments). According to Figure 6.16, 

pressure generally increases the magnitude of the ICH*/IOH* ratio, at a given equivalence 

ratio, whereas the validation experiments indicated the opposite effect. Similarly, the 

models predict that preheating generally has a decreasing effect on the ICH*/IOH* ratio, 

though the decrease is less than 20% for most of the cases considered. However, in the 

high pressure experiments, preheating produced an increase in ICH*/IOH*. In summary, 

ICH*/IOH* can be used for sensing equivalence ratio only at certain conditions, and the 
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changing relationship between ICH*/IOH* and φ with pressure must be taken into account. 

Such trends have been observed experimentally without reactant preheating [30]. 
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Figure 6.16. CH*/OH* chemiluminescence ratio in methane-air flames at various 

pressures and preheat; the high pressure results are scaled to the right axis.  

6.2.2.2.2 Effect of Aerodynamic Strain 

Results for ICH*/IOH* variations with strain rate are given in Figure 6.17 at φ=0.7 

and 1. It was noted in Chapter 5 that CH* chemiluminescence is more dependent on 

strain than OH*. This is clearly evident here, where ICH*/IOH* increases with strain rate. 

For a given strain rate, the increase in ICH*/IOH*  is almost the same for both equivalence 

ratios considered, except at high pressure. The maximum increase of 13% occurs at 

ambient pressure conditions, while for the higher pressure and preheat case, ICH*/IOH* 

ratio increases by 1% for the lean case and increases by about 10% for the stoichiometric 

case. However, with ICH*/IOH* varying by only 10% over a wide range of strain rates, it 

can be concluded that ICH*/IOH* is not very sensitive to strain rate. This is supported by 
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the agreement between results in laminar and turbulent flames at atmospheric conditions 

presented in Chapter 5 for conditions away from the lean blow out limit of the swirl 

combustor. 
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Figure 6.17. Dependence of CH*/OH* ratio with strain rate for φφφφ=1 (dashed line) 
and φφφφ =0.7 (solid line).  

6.2.2.2.3 Effect of Exhaust Gas Recirculation 

Results for ICH*/IOH* variation with product recirculation are shown for the same 

two equivalence ratios, 0.7 and 1. It was demonstrated above that the CH* signal 

increases with product recirculation while OH* signal is practically unaffected by it. It 

can be see that ICH*/IOH* increases with product recirculation. For φ=0.7 and 20% EGR, 

ICH*/IOH*  increases by 27% at 5 atm and 498 K, while at 1 atm and for both 298 and 

498 K reactant temperatures, the ratio increases more. Similar results are observed for the 

stoichiometric case. However, for lower levels of product mixing (EGR<5%), the effect 

on ICH*/IOH* is negligible.  
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6.3 Other Considerations 

6.3.1 Thermal Excitation  

As mentioned earlier, in addition to chemical formation of the excited states, 

thermal excitation can also occur. The contribution of thermal OH* and CH* emission 

for sensing is therefore analyzed here. The procedure for calculating the upper estimate of 

thermal OH* based on equilibrium calculations is already outlined (Chapters 4 and 5). 

That methodology along with the assumption that the formation reactions are accurate in 

predicting the absolute concentrations of OH* and CH* is used to estimate the thermal 

contributions in methane-air flames. 

Table 6.5. Thermal OH* contribution (as percentage of the total OH* signal) in 

methane-air flames for different residence times and equivalence ratios.  

% Thermal OH for 2-3 ms % Thermal OH for 10 ms Pressure and 

Temperature  φ = 0.7 φ = 1.0 φ = 0.7 φ = 1.0 

1 atm, 298 K 0.01 0.43 0.035 2.63 

1 atm, 498 K 0.08 1.62 0.30 8 

5 atm, 498 K 0.51 12 2 29 

5 atm, 698 K 3.1 23.7 10.9 39 

15 atm, 698 K 11.5 38 28.7 46 

 

Results for thermal OH* as a fraction of the total OH* emission for premixed 

methane flames are presented in Table 6.5. The thermal OH* is seen to be a function of 

residence time and the equivalence ratio of the combustor (as thermal OH* is formed 

primarily in the hottest regions). However, the thermal contribution to the total OH* 
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signal also rises significantly with pressure.
*
 Hence in high pressure combustors, 

especially combustors with long residence times and near stoichiometric conditions, the 

OH* emission has to be treated carefully.  

Results for thermal CH* as a fraction of the total CH* for premixed methane-air 

flames are presented in Table 6.6. As CH and CH* exist primarily in the thin reaction 

zone for lean flames, a residence time of 2-3 ms was considered, which is more than 

sufficient to capture the complete reaction zone in all cases. It can be clearly seen that 

thermal CH* is practically negligible at these conditions, as expected. Thermal CH* may 

become important in oxy-methane flames [32].  

Table 6.6. Thermal CH* contribution (as percentage of the total CH* signal) in 

methane-air flames. 

% Thermal CH for 2-3 ms Pressure and 

Temperature  φ = 0.7 φ = 1.0 

1 atm, 298 K 0.006 0.06 

1 atm, 498 K 0.012 0.08 

5 atm, 498 K 0.007 0.13 

5 atm, 698 K 0.02 0.19 

15 atm, 698 K 0.012 0.24 

 

6.3.2 OH* Self-Absorption 

Example calculations are shown in Table 6.7 for the effect of self-absorption on 

OH* emission in methane-air combustion at various temperature and pressure conditions 

for a residence time of 2.5 ms. A conservative estimate of these values is computed using 

                                                 

 
*
 As described in a previous section, the chemical formation of OH*, normalized by heat release, decreases 

at high pressures. 
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Eq. (3) (Chapter 2) and peak absorbance coefficient is used for the R-branch bandhead of 

the OH (A-X) (0,0) transition without considering the line shapes/profiles. However, this 

calculation is useful to access the conditions in which self-absorption may be important. 

It can be seen that the impact of self-absorption can be important at elevated pressures 

and temperature conditions, particularly near stoichiometric equivalence ratios. It should 

be expected that self-absorption would increase with the simulated residence time of the 

combustor (which is used here to determine the emission path length). So, it would be 

wise to place the sensor/detector on the reactants side of the flame.  

Table 6.7. Fraction of OH* signal absorbed in methane-air flames at different 

pressure and temperature conditions.  

% Absorption  

(t=2.5ms) 

Methane/Air 

Flames 

φφφφ = 1.0 φφφφ = 0.7 

1atm-300K 7 1 
1atm-500K 11 3.7 

5atm,-500K 18 3.2 

5atm-700K 34 11 

15atm-700K 39 13 

 

6.3.3 CO2* Background 

In most sensing and combustion diagnostic applications, flame 

chemiluminescence is acquired with spectral filters placed in front of detectors such as 

photomultiplier tubes, photodiodes or CCD cameras. At best (e.g., for interference 

filters), their bandpass is ±5-10 nm about the center wavelength. It is also well known 

that CO2* background is present in the 200-600 nm region [55]. Thus, it underlies the 

other (OH* and CH*) emission signals. So unless a spectrometer or additional detector is 

used to monitor the CO2* background, its contribution can not be removed from the 
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detected signal. Thus it is interesting to estimate the contribution of the CO2* background 

to the total signal at OH* and CH* wavelengths. For this purpose, the resolved flame 

spectra from the swirl-stabilized methane combustor at atmospheric pressure and laminar 

CH4-O2/He flames at elevated pressure are analyzed to study the CO2* background. The 

OH* signal, SOH*, was found by integrating the (0,0) band over a 5 nm bandwidth 

centered at the OH* peak (~309 nm). The CH* signal, SCH*, was found by integrating the 

430 nm CH band over a bandwidth of 5 nm. The CO2* background over the same 5 nm 

bandwidths was approximated by the means of a cubic polynomial. The area under this 

polynomial was taken as the estimate for the CO2* background. Results for atmospheric 

swirl flame and laminar flames at elevated pressure are shown in Figure 6.18. 
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Figure 6.18. CO2* contribution in methane flames to OH*(309±5nm) and CH* 

(431±5nm) signals; (a) atmospheric pressure and (b) elevated pressure.  

It is evident that the CO2* background affects the CH* signal more than the OH* 

signal. For example at φ=0.8 at atmospheric conditions, only 30% of the total signal at 

the CH* wavelength is from CH* chemiluminescence, while OH* chemiluminescence 

makes up 80% of its total signal. Moreover, the CO2* background has a weaker 

equivalence ratio dependence for OH* chemiluminescence than for CH*. At elevated 

OH* 

CH* 

(a) (b) 
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pressures, this dependence is reduced for CH* too, but interestingly the CO2* background 

increases with φ at 10atm. Another interesting aspect is to consider the variation of 

chemiluminescence intensity ratio with equivalence ratio, which has a direct bearing on φ 

sensing. It can be seen in Figure 6.19 that the background corrected SCH*/SOH* has a 

higher sensitivity, i.e., it varies by a factor of ten in the φ range considered. Whereas, 

SCH*/SOH*  without background correction only varies by a factor of two. So, a sensor 

based on the background corrected ratios would be more sensitive to changes in φ. The 

high pressure experimental data also support this fact. Moreover, SCH*/SOH*  is almost 

constant near the lean blow out regime of the swirl combustor if background correction is 

not considered and as such cannot be used to sense the proximity of the combustor to lean 

blow off.. 

It is possible, though, that the uncorrected normalized signals could have a 

different φ dependence which might make them more advantageous to use for heat 

release sensing than the background corrected normalized chemiluminescence signals. To 

verify this possibility, both background corrected and uncorrected signals are considered 

for OH* and CH* in Figure 6.20. The uncorrected signals are multiplied by a single 

multiplier so as to minimize the least square difference between the two signals. As seen 

in Figure 6.20a, there is practically no difference in the φ dependence for the OH* signal 

without background correction. However for CH* chemiluminescence, failing to correct 

for the background at 10 atm increases the systematic error for heat release sensing 

associated with φ changes (Figure 6.20b).  
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Figure 6.19. Comparison of chemiluminescence intensity ratio for CH* and OH*: 

with background correction (closed symbols); without background correction (open 

symbols).  
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Figure 6.20. Variation of normalized (a) OH* and (b) CH* chemiluminescence 

signals at elevated pressure conditions. Background corrected signals (closed 

symbols) and uncorrected signals (open symbols).  
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CHAPTER 7  

CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Summary and Conclusions 

The primary objective of this thesis was to identify and validate existing 

chemiluminescence mechanisms for OH*, CH* and CO2* for combustion conditions. 

This involved a comparison of experimental data with simulation results based on the 

different mechanisms. Systematically acquiring global (spatially integrated) OH*, CH* 

and CO2* chemiluminescence data from simple laminar premixed flames formed the 

main focus of the experimental investigation. Experiments were carried out for a range of 

operating conditions, including variations in pressure, reactant preheat temperature, 

equivalence ratio (φ), dilution, and fuel composition: H2-CO syngas mixtures, methane 

and Jet-A; to test the robustness of the chemiluminescence mechanisms. Detailed 

numerical simulations for unstrained, 1-d laminar flames were performed with leading 

chemical kinetic mechanisms relevant to the above fuels. The spatially resolved 

simulation results were integrated to provide a comparison to the experimental data. 

Laminar flames were used in part to provide a meaningful comparison between the 

experiments and simulations. Global chemiluminescence intensity ratios and global 

chemiluminescence signals normalized with fuel mass flow rate were used for validating 

the chemiluminescence mechanisms.  
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For CO2* chemiluminescence, a global reaction rate was derived, based on the 

spectral data of Slack et al. [55], for the photon emission rate at 375 nm, which is given 

by the following.  

 ( )
nmscm
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This model produced excellent agreement with the experimental data for syngas (both 

atmospheric and high pressure) and methane (atmospheric) flames. While this 

mechanism produced the correct variation with equivalence ratio at high pressure, it did 

not produce the correct scaling for a given φ with pressure. This is attributed to 

inaccuracies in the basic chemical reaction mechanism used in the high pressure 

simulations, as well as signal loss due to radiative trapping (by species such as CO2 and 

H2O). For the Jet-A flames and high pressure methane flames, the CO2* background at 

375 nm had significant interferences from other emitters, possibly HCO and water.  

Two OH* formation reactions were found to be needed to accurately predict the 

validation results. R1 (O+H+M) is the dominant formation reaction in H2 systems and in 

the post-flame product gases of hydrocarbon flames, while R3 (CH+O2) dominates in the 

reaction zone for hydrocarbon fuels. The rate constants for both reactions are summarized 

in Table 7.1. The temperature dependence for k1 was chosen to be the expression given in 

[37] as it provided the best results in the syngas tests. The pre-exponential factor given is 

based on the range of k1 values reported in the literature. The k3 temperature dependence 

determined from the atmospheric methane-air and Jet-A flame validations is the 

expression given in [45]. From comparison of the atmospheric syngas and methane 

results, the ratio k1/k3 was estimated, and used to determine the pre-exponential factor for 

k3 shown in Table 7.1. This mechanism was able to accurately predict OH* 
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chemiluminescence variations with equivalence ratio and pressure, but failed to correctly 

model the influence of reactant preheating (at least in the high pressure methane flames 

studied). Possible sources for this discrepancy include radiative trapping of the OH* 

emission and the formation of OH* via thermal excitation in the high pressure conditions.  

For CH*, two formation reactions, R6 (C2H+O) and R7 (C2H+O2), were 

sufficient to predict the experimental data in the lean flames studied here. Two sets of 

rate constants (attributed to Peeters [64] and Carl [66]) performed well in the methane 

and Jet-A validations, and both are reported in Table 7.1. Both predicted the equivalence  

Table 7.1. Validate formation reactions and rate constants for OH* and CH* 

chemiluminescence. Rate coefficients are expressed as k = A T
b
 exp(−−−−Ea/RT) with Ea 

in units of cal mol
-1
 and AT

b
 in cm

3
mol

-1
s
-1
 for two body reactions or cm

6
mol

-2
s
-1
 for 

three body reactions (with T in K units). 

# Reaction A b Ea 

OH* 

R1 H + O + M ↔ OH* + M 4.3(±1.7) × 10
14 0.0 6940 

R3 CH + O2 ↔ OH* + CO 8.3(±3.4) × 10
13 -0.4 4150 

CH* (Peeters) 

OH* R6 C2H + O ↔ CH* + CO 1.08(±0.4) × 10
13

 0 0 

R7 C2H + O2 ↔ CH* + CO2 2.17(±0.8) × 10
10 0 0 

CH* (Carl) 

OH* R6 C2H + O ↔ CH* + CO 6.02(±3.0) × 10
12

 0 457 

R7 C2H + O2 ↔ CH* + CO2 6.02 × 10
-4 4.4 -2285 

 

ratio and preheat dependence, though the Peeters rate constants performed better for very 

lean atmospheric conditions, while the Carl rates provides a better match at high pressure. 

However, both failed to capture the pressure dependence, which might be due to the lack 

of accurate quenching data or inaccuracies in the basic reaction mechanism for estimating 

the precursor species (e.g., C2H). Because CH* is formed from C2H, it is only produced 
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in the reaction zone (at least for lean flames). Moreover, thermal excitation of CH* was 

negligible for the experimental conditions.  

With the validated chemiluminescence mechanisms, there is now a way to 

analyze the fundamental behavior of chemiluminescence in combustion systems. 

Therefore, the second objective of this thesis was to use the simulation (and 

experimental) results to evaluate chemiluminescence for sensing heat release and 

equivalence ratio at various operating conditions. The influences of pressure, reactant 

preheat, strain and (adiabatic) exhaust gas recirculation were studied for a syngas fuel 

(H2:CO=50:50) and for methane. Even though laminar flame data and simulations were 

used to analyze chemiluminescence sensing, the excellent agreement between the laminar 

methane and turbulent swirl flame experiments suggests that the findings reported here 

have relevance to many practical combustor systems. For highly turbulent combustors 

where questions regarding the validity of flamelet approaches arise, the validated 

mechanisms can be incorporated into detailed turbulence simulations (incorporating 

appropriate detailed chemistry) in order to study chemiluminescence in those systems.  

In the syngas mixture, both the normalized OH* and CO2* signals vary 

significantly with equivalence ratio, which implies that neither are ideal for heat release 

sensing. The simulations indicate that both product recirculation and aerodynamic strain 

rate do not have any significant effect on either OH* or CO2* chemiluminescence signals 

at high pressure and temperature conditions. With respect to heat release rate sensing in 

syngas fuels, CO2* appears to be a better option at very lean equivalence ratio conditions 

(φ < 0.7), as it has the least sensitivity to equivalence ratio, pressure and temperature 

changes. At near stoichiometric conditions, OH* would be a better heat release marker as 
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it is less sensitive to φ variations at these conditions. The chemiluminescence intensity 

ratio CO2*/OH* would be of little use for sensing equivalence ratio in syngas 

combustion, except perhaps at very lean conditions.  

In methane-air flames, the normalized OH* signal is a strong function of 

equivalence ratio, as in the syngas case, and hence not ideal for heat release sensing. 

Pressure in general, decreases the normalized OH* signal over the entire φ range, with 

the decrease more pronounced for leaner mixtures. The simulations indicate that reactant 

preheating increases the normalized OH* signal throughout the equivalence ratio range, 

though this was not observed in the experiments. For CH*, the φ dependence is reduced 

at high pressure, unlike OH*, which is consistent with the experimental observations. 

Reactant preheating also increases the CH* chemiluminescence normalized by the heat 

release. Also, the normalized CH* signal decreases with an increase in pressure. Both 

normalized OH* and CH* signals increase with strain rate at atmospheric conditions, but 

are practically independent of strain rate at high pressure and preheat conditions. Product 

recirculation has practically no effect on the normalized OH* signal but the normalized 

CH* signal increases by as much as 50% for a 20% EGR at an equivalence ratio of 0.7. 

These results suggest that CH* is better suited for high pressure applications of heat 

release sensing compared to OH*, but the current experimental results in methane-O2/He 

flames show that preheating has a weaker effect on IOH*/q compared to ICH*/q.  

The CH*/OH* ratio can be used for equivalence ratio sensing only at certain 

conditions in methane combustion as this ratio can change from monotonically increasing 

(at atmospheric conditions) to monotonically decreasing (at very high pressure), with an 

intermediate pressure region that shows little sensitivity to φ. Strain rate has a negligible 
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effect on the chemiluminescence intensity ratio, while %EGR was shown to increase the 

magnitude of the CH*/OH* ratio.  

The contribution of thermally produced OH* to the overall OH* signal was also 

calculated based on equilibrium conditions for methane systems. It was found that the 

thermal pathway is not very significant at atmospheric and intermediate pressures, but it 

becomes increasingly important at high pressures with large residence times and near 

stoichiometric conditions. On the other hand, thermal CH* is practically negligible even 

at high pressure and high temperature conditions. The conditions favorable for thermal 

OH* production are also favorable for OH* self absorption. So, a sensor placed on the 

reactant side of the combustor will be less prone to errors due to radiative trapping. Still, 

the OH* signal should be carefully interpreted in high pressure systems with long optical 

path lengths. 

The contribution of CO2* background to the total signal at the OH* and CH* 

wavelengths was studied for methane. For the conditions considered, the CO2* 

background made up only a small fraction (~20%) of the total OH* signal, but 

contributed as much as 70-90% of the nominal CH* signal. The uncorrected normalized 

OH* and CH* chemiluminescence signals do not offer any advantage for heat release 

sensing applications. Similarly, the background corrected SCH*/SOH* ratio has a higher 

sensitivity to φ compared to measurements without background correction. Thus, it is 

advisable to use background corrected OH* and CH* signals for sensing purposes. 

For very high pressure combustion, such as in gas turbines (20-50 atm) and 

rockets (70 atm and higher), the signal per unit heat release drastically decreases with 

pressure. This might be an issue, especially for CH*, if background corrected signals are 
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not used. For OH*, self-absorption and thermal excitation may become increasingly 

significant. Moreover, OH* would be produced predominantly in the product gases rather 

than the reaction zone (where most of the heat release happens) and hence, may not be 

useful for sensing heat release at these conditions.  

7.2 Recommendations for Future Work 

For chemiluminescence modeling to be applicable for a wide range of operating 

conditions, it is necessary for the mechanisms to be robust and well-validated. There is 

still some ambiguity in choosing the CH* chemiluminescence mechanism as both the 

very different Peeters and Carl rate constants produce excellent agreement with the 

experimental data for most of the conditions. As it is necessary to identify the correct rate 

constants, more experiments should be carried out, preferably in flames that have a 

different [O]/[O2] distribution compared to atmospheric methane-air flames. To select 

one of the two mechanisms will require experiments at elevated pressures, or possibly 

with a different oxidizer. For example, simulation results for normalized CH* in methane 

flames with an equimolar mixture of O2-N2 as oxidizer are shown in Figure 7.1. The 

simulations with Carl and Peeters mechanisms were scaled by the same constants that 

were used for matching the atmospheric experimental data in methane-air flames. It can 

be seen that these conditions clearly differentiate the mechanisms especially for the near-

stoichiometric equivalence ratios. 
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Figure 7.1. Normalized CH* chemiluminescence in oxy-methane flames at 

atmospheric pressure and temperature. Suggested approach for differentiating CH* 

chemiluminescence mechanisms. Oxidizer is an equi-molar mixture of O2 and N2.  

Most of the data presented in this work at elevated pressure and temperatures was 

preliminary and more extensive investigation has to be undertaken to understand various 

issues affecting the flame chemiluminescence at these conditions and the inability of 

chemiluminescence mechanisms to predict the experimental results quantitatively. The 

reason may lie in the failure to accurately model the relative affects of the following 

processes: thermal excitation, radiative trapping and collisional quenching of the excited 

species. However, accurately estimating the concentration profiles of the relevant 

precursor species is also very important. Therefore, more data at different pressure and 

temperature conditions would aid in further understanding of these issues.  

To apply chemiluminescence modeling to realistic combustors, it is necessary to 

understand the dependence of chemiluminescence on the degree of turbulence. So, more 

experiments have to be performed in turbulent flames.  
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Very limited chemiluminescence data is presented for laminar premixed 

prevaporized Jet-A flames, in this thesis. Jet-A fuel being very relevant in aero-

propulsion devices demands further investigation. More experiments should be 

performed at different conditions to validate the OH* and CH* chemiluminescence 

mechanisms as well as the basic chemistry for Jet-A combustion. Whether, the 

mechanisms provide good agreement or not, these experiments will provide valuable 

chemiluminescence data for Jet-A flames at various operating conditions that can be 

investigated for φ and heat release sensing applications.  

C2* is another prominent emitter in rich methane flames and for higher order 

hydrocarbon fuels in the UV-VIS region of the electromagnetic spectrum. The 

chemiluminescence intensity ratio C2*/OH* and C2*/CH* has been shown previously to 

be useful for equivalence ratio sensing in hydrocarbon flames (see Appendix A). 

However, most of the experimental investigation was carried out in methane flames at 

atmospheric conditions. There exists a need to study C2* chemiluminescence for φ and 

heat release sensing at different operating conditions and in liquid fuels of interest such as 

Jet-A. Additionally, little progress has been made in modeling C2* chemiluminescence in 

flames and currently only one low pressure flame study has suggested a complete C2* 

mechanism [82]. However, the mechanism has huge uncertainties and needs to be 

validated further.  
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APPENDIX A  

C2* BACKGROUND 

 

The blue green Swan band emission system is typically found in hydrocarbon 

flames and is also of great interest in astrophysics as it is part of the emission spectra 

from comets and deep space [1]. C2 kinetics are responsible for the production of C2H, 

which in turn is an important precursor for the formation of excited CH (A
2∆) species. 

The following reactions are identified as the possible formation reactions: 

CH + CH → C2
*
 + H2 (R8) 

C + CH → C2
*
 + H (R9) 

C + CH2 → C2
*
 + H2 (R10) 

C3 + O → C2
*
 + CO (R11) 

C + C2O → C2
*
 + CO (R12) 

R8 has been ruled out in flames [83]. A shock heated methane study favors R9 and R10 

[84]. A flow discharge study in C2H2/O/H system confirms R10 as the main production 

step [61]. R11 and R12 are also reported to occur [85, 86]. The quenching rate 

information of the excited C2 species is not well known and is limited to some noble 

gases and simple species such as Ar, H, H2, O2 etc [87]. Recently, collisional cross-

sections for collisional quenching of C2(d
3Π) by n-alkanes (n=1-8) were measured at 

room temperature and low pressure (15 torr) conditions [88].  
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Though the Swan band system was extensively investigated, very little progress 

has been made in the development of a C2 chemiluminescence mechanism, modeling the 

formation and destruction kinetics of the excited C2 radical. In a recent laser-induced 

fluorescence study, collisional quenching rates of the excited state C2(d
3Π) were derived 

based on the measured fluorescence decay rates, which were then used to deduce the rate 

constants for the excited state C2(d
3Π) formation reactions from low pressure flame 

studies [82]. Rate constants for R10 and R11 were determined along with an estimation 

of the overall quenching rate. However, there is significant uncertainty in the rates of 

these reactions. This study also estimated the reaction rate parameters for important 

reactions of C3, C3H, C3H2 and C2O along with the addition of C and C2 chemistry to 

GRI Mech 3.0 mechanism. However, further improvements for the C2* kinetics are 

needed to model C2* chemiluminescence accurately.  

The chemiluminescence intensity ratio C2*/CH* and C2*/OH* can be used to 

sense equivalence ratio in liquid and gaseous systems with the ratio C2*/OH* observed to 

be more sensitive to changes in φ [89]. However, a recent study in counterflow premixed 

natural-gas flames indicates that C2*/CH* is strongly affected by strain rate and may not 

be suitable for sensing equivalence ratio [24]. Likewise, if the normalized C2* 

chemiluminescence signal variation with φ was considered, it was shown that C2* would 

be more advantageous than OH* or CH* for sensing heat release rate for lean conditions 

at room pressure and temperature conditions [24]. Most of the C2* chemiluminescence 

results are confined to atmospheric methane flames. Experimental data for C2* 

chemiluminescence is severely lacking at elevated pressure and preheat conditions.  
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APPENDIX B  

SPECTRAL RESPONSIVITY 

 

Spectral responsivity of the spectrometer, ICCD camera system was estimated 

based on intensity measurements from a calibrated Oriel
TM

 QTH 1000W FEL tungsten 

halogen light source. The calibration of the light source is accurate to within ±15%. 

Acton Spectra-Pro 300i spectrometer with 300 grooves/mm grating (500 nm blaze angle) 

coupled with a 16-bit, 1024×256 intensified CCD camera (PI-MAX, 25 mm intensifier) 

constitutes the detection system. A fiber optic array consisting of four bundles, each 

bundle having three 200µm fused silica fibers with a numerical aperture of 0.22 was 

connected to the entrance slit of the spectrometer. The optical fibers have negligible 

transmission losses (~1-3%) in the UV-VIS wavelength region of interest (300-500 nm). 

The slit width of the spectrometer was set to 100 µm. The intensifier gain was set to 80 

and the exposure time was 10 µs. Flatfield function for each fiber bundle was also 

measured as part of this study using a 632.8 nm He-Ne laser and moving the spectrometer 

grating such that the He-Ne laser peak traversed across the horizontal pixel range (32-

952). The pixels 1-31 and 953-1024 were ignored as they are very close to the edge of the 

CCD chip. It should be noted that the flatfield function is only dependent on the spatial 

location of the detector pixel and not on wavelength. Moreover, for each fiber, a 

rectangular region of 1024×50 pixels was binned vertically to form one composite strip 

(1024×1). The flatfield function and the spectral responsivity of the system were 
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estimated for this composite strip. So, for a given incident beam with energy Eo,λ, the 

spectrometer-ICCD camera would output a beam with energy is given by  

 )()(
,

λ=
λ

λ SRxFF
E

E

o

. (23) 

where, FF(x) is the absolute flatfield function which only depends on the spatial location 

of the beam image on the detector and SR(λ) is the absolute spectral responsivity of the 

system. However, the flatfield function was estimated relative to the center pixel i.e. pixel 

512 for each fiber and similarly spectral responsivity of the system was estimated relative 

to that at 407nm. Theoretical spectral responsivity (TSR) was also calculated based on 

the nominal quantum efficiency of the ICCD camera and the typical efficiency of the 

spectrometer grating (both obtained from the manufacturer). TSR is the product of these 

efficiencies either based on photon (intensity) or power (energy) units. It can be seen in 

Figure B.1 that the normalized experimental and theoretical spectral responsivity values 

(based on power) have a reasonable agreement. It can be observed that the spectral 

responsivity can change by a factor of 2 at most from ~300 nm (OH* 

chemiluminescence) to ~430 nm (CH* chemiluminescence).  
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Figure B.1. Relative spectral responsivity of the spectrometer-ICCD camera 

detector system. Theoretical (lines); Experiments (symbols).  
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