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Figure 9.1: Methane oxidation reaction path diagram (Najm et al., 1998)

9.1 OH∗ Formation

9.1.1 OH∗ Formation path hypothesis

In Section 6.2.3 some reasons for suggesting Equation 6.5, shown here again as

Equation 9.1, as the dominant production path of OH∗ were given. The main impetus

for suggesting Equation 6.5 is the fact that the reaction of CH with molecular oxygen

with carbon monoxide and a hydroxyl radical as products is a simplification of the

true chemical kinetic path from CH to CO via the formyl radical and a reaction with

atomic oxygen. The methane reaction diagram of Najm et al. (1998), reproduced here

in Figure 9.1 shows this very clearly. The simplified mechanism may lead to adequate

results for more complex hydrocarbon molecules but for methane, the simplification

does not account for the major contribution to the formyl radical concentration from

the breakdown of very important CH2OH type radicals.

HCO + O → CO + OH ∗ (9.1)
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9.1.2 Detailed analysis of published research

The research first suggesting Equation 1.1, shown here again as Equation 9.2, as

the formation path for OH∗ was performed using acetylene atom flames under the

addition of molecular oxygen (Krishnamahari and Broida, 1961). The fuel conversion

path through CH, represents a major source of HCO in the two carbon–atom fuel

acetylene. The relationship between CH and OH∗ found in the research is thus not a

contradiction of the hypothesis stated in Section 9.1.1.

CH + O2 → CO + OH ∗ (9.2)

Porter et al. measured profiles of OH∗ CH and molecular oxygen. Together

with the assumed form of the OH∗ production reaction given in Equation 1.1, they

calculated the reaction rate coefficient used by Marchese et al. (1996) and Dandy and

Vosen (1992) in their modeling efforts. The experiments by Porter thus were hardly a

positive identification of a reaction path but rather a study indicating some degree of

correlation between three presumed participating species. The degree of correlation

found by Porter et al. is still found in the proposed OH∗ formation path described in

Section 9.1.1.

The work performed by Dandy and Vosen (1992) contains clues to the inadequacy

of the currently accepted production path. Dandy and Vosen (1992) studied the OH∗

chemiluminescence emission from combustion of premixed gases in a shock tube. In

the paper, Dandy and Vosen (1992) show experimental measurements only up to an

equivalence ratio of 0.90. The model shows that the expected peak OH∗ chemilumi-

nescence should be found at an equivalence ratio near 1.20. The model contradicts

the general trend in other experimental studies (f.ex. Clark (1958)) that show that

OH∗ chemiluminescence peaks around stoichiometric flame conditions. Clark used

several types of fuel and conducted experiments in both laminar and turbulent flow–

regimes. It is worrisome that Dandy and Vosen (1992) did not show experimental

results above an equivalence ratio of 0.9, especially since they did not indicate the

experimental difficulty that lead to the incomplete experimental data.
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Later, Marchese et al. (1996) used the model described by Dandy and Vosen

(1992) to attempt to model the OH∗ chemiluminescence measured from fuel droplets,

burning in a micro–gravity environment. The study covered both ethanol and methanol

droplets. The chemiluminescence modeling effort was very successful in predicting

ethanol droplet chemiluminescence emission but significantly under–predicted the

OH∗ emission from methanol flames. In light of the formation path proposed in

Section 9.1.1, the discrepancy may be interpreted in the following manner. Ethanol

is a two carbon–atom type fuel whereas methanol is a single carbon atom type fuel.

CH is a major intermediate species in multi carbon–atom fuel combustion. The reac-

tion of CH with molecular oxygen thus represents a major portion of the total HCO

produced. The conclusion is that for multi carbon–atom fuels, the formation path

described by Equation1.1 is an acceptable simplification. In single carbon–atom fuel

combustion however, CH is not a major intermediate and therefore most of the HCO

and OH∗ emitted is not accounted for by the currently accepted formation path. The

proposed OH∗ formation path correctly identifies the immediate OH∗ precursor and

thus could model both single and multi carbon–atom fuels correctly.

9.1.3 Evidence for proposed OH∗ formation mechanism

Comparison of honeycomb measurements with modeling results

The results modeling OH∗ chemiluminescence for the honeycomb burner using

both the currently accepted and the proposed formation mechanism were shown in

Section 8.4.1. The results show that the proposed OH∗ chemiluminescence mecha-

nism is able to capture the experimental data for a wide range of air flow–rates and

equivalence ratios. The currently accepted formation path through the CH radical

does not come close to the experimental data except for lean mixtures. The reason

the model fails lies in the fact that CH production in methane flames is extremely

equivalence ratio dependent, much more so than the formation of HCO, because HCO

precursors have a wider variety of formation paths.
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Comparison of Bunsen burner measurements with modeling results

The Bunsen burner modeling effort, described in Chapter 7, showed that the

proposed OH∗ chemiluminescence formation path is able to capture most important

trends observed in the experimental study of the burner. Due to the semi–empirical

nature of the model, the model’s ability to capture the experimental data cannot

by itself be considered a sufficiently strong foundation for accepting the proposed

OH∗ chemiluminescence formation path. Seen together with the honeycomb burner

modeling results however, the Bunsen burner model shows that the veracity of the

proposed formation path does not appear to be dependent on the type of combustion

environment considered.

9.1.4 Conclusion on OH∗ formation path hypothesis

The historical synopsis of OH∗ study given in Section 9.1.2 shows that the pro-

posed formation path does not contradict previous research. In some cases, the re-

search performed contained, in retrospect, specific clues to the inadequacy of the

OH∗ chemiluminescence formation path through CH. The present study shows that

the state of the art chemical mechanism GRIMECH (Smith et al., 1999) predicts

the minor species concentrations involved with OH∗ formation well enough to give

quantitative agreement between experiment and model. The honeycomb modeling

results, together with the clues contained in previous research and the Bunsen type

burner modeling success show that a much improved model for OH∗ chemilumines-

cence formation is given by the combination of formyl radicals and atomic oxygen, as

given in Equation 9.1.

9.2 CH∗ formation

9.2.1 CH∗ formation description

In contrast to OH∗ chemiluminescence CH∗ chemiluminescence formation has

been investigated recently in great detail by Devriendt and Peeters (1994), positively
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identifying Equation 1.4, shown again here in Equation 9.3, as the dominant source of

excited CH radicals in hydrocarbon type flames. Prior to the research by Devriendt

and Peeters (1994), Joklik (1986) indirectly found Equation 1.4 to dominate the

production of CH∗. The generally accepted source of CH∗ in hydrocarbon flames is

thus a reaction between C2H and atomic oxygen.

C2H + O → CO + CH ∗ (9.3)

9.2.2 CH∗ modeling challenges

The difficulty in modeling CH∗ lies in correctly identifying the surrounding reac-

tions, especially in methane combustion where the two carbon–atom molecule path

is very sparsely populated, as can be seen by referring back to Figure 9.1. All of the

C2 type molecules stem from re–combination reactions of methyl and CH2 reactions,

which have rather low reaction rates compared to the other paths of consumption of

methyl and CH2 radicals. The production equations for the precursor of CH∗ C2H

play an important role in how CH∗ formation depends on equivalence ratio. (see Sec-

tion 6.2.4). The reactions are rather well–studied in multi carbon–atom combustion,

but for methane combustion, since the reactions are generally of secondary interest,

the uncertainty of the reaction rate coefficients is still high. A more proper way to

proceed, than that outlined in Section 6.2.4, would be to perform a rigorous sensitiv-

ity and optimization analysis of the mechanism based on the honeycomb modeling

results, similar to that performed by Frenklach et al. (1992).

In addition to the uncertainty in precursor formation, CH∗ modeling is compli-

cated by a lack of knowledge on the quenching relationships. Once more, an opti-

mization analysis would help to empirically identify a proper quenching mechanism

for CH∗. More important however, would be a successful complete quenching model

which based on a particular molecule’s structure can determine the molecule’s quench-

ing efficiency. Such a model represents the basis for the OH∗ quenching model used

by Dandy and Vosen (1992) which was developed by Garland and Crosley (1986).
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9.2.3 CH∗ modeling improvements

The analysis and changes implemented in CH∗ modeling, as outlined in Sec-

tion 6.2.4, identify the parameters of CH∗ modeling which must be studied further to

obtain better qualitative and quantitative agreement between experimental data and

modeling calculations. Beyond identifying these parameters, the analysis suggests

a direction in which these parameters ought to be changed. The modeling accuracy

achieved represents the limits of educated trial–and–error optimization. In its current

state the CH∗ model should be used with caution but may prove helpful in obtaining

qualitative information on the behaviour of CH∗ in the particular combustion system

under consideration.

9.3 Summary of CH∗ and OH∗ formation

The chemiluminescence formation paths of OH∗ and CH∗ are summarized in Fig-

ure 9.2. The formation and consumption of important participating species are also

included in the reaction diagram. The reaction diagram distinguishes high activation

energy and low activation energy reactions. High activation energy reactions are very

temperature sensitive whereas, low activation energy processes are less sensitive to

temperature variations. Reactions involving two radicals producing a stable molecule

generally have a low activation energy. An example of such a reaction is the OH∗

production reaction between atomic oxygen and the formyl radical (HCO). Atom

abstraction reactions such as the abstraction of a hydrogen atom from an acetylene

molecule to produce the CH∗ precursor C2H are very high activation energy processes.

The combination of precursor production and precursor consumption equations al-

lows the prediction of how chemiluminescence species production behaves under small

perturbations of temperature.

An important feature of the CH∗ formation path is the presence of both high and

low activation energy reactions to produce the CH∗ precursor C2H. The formation

path of the OH∗ precursor HCO on the other hand only involves low activation energy

processes. The consumption of the formyl radical (HCO) occurs through both high
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Figure 9.2: Chemiluminescence formation path diagram

and low activation energy processes whereas the consumption of C2H only involves

low activation energy processes.
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