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Abstract 
Chemiluminescence emission from flames has been implemented to monitor and control heat release rate 

(HRR), local equivalence ratio (ER) and key pollutant emissions in gas turbine combustors and automotive engines. 
In the present study, in order to simultaneously simulate the chemiluminescence of OH*, CH*(A), C2

* and CO2
* 

(where * denotes the excited state) and to obtain insight on the relation between chemiluminescence, heat release, 
equivalence ratio and NO emission, numerical studies on 1-D counterflow premixed methane flames were 
conducted. A new detailed reaction mechanism, incorporating sub-reaction models for excited state OH*, CH*(A), 
C2

* and CO2
* radicals was assembled in this study. Three detailed reaction mechanisms available in the literature for 

C1–C3 hydrocarbons were employed in the current work. Results show that OH*, CH*(A) and CO2
* 

chemiluminescence can accurately reproduce the heat release rate trend, while the OH*/CH*(A) chemiluminescent 
intensity ratio varies non-monotonically with the equivalence ratio. Further, it is shown that the CO2

* and C2
* 

chemiluminescence can be utilized to indicate the levels of NO emissions. However, the choice of the fuel oxidant 
chemical mechanism can highly influence the model’s ability to predict the behavior of the aforementioned 
combustion parameters through chemiluminescence simulations.  
 
Introduction 

Premixed counterflow flames have been received 
much attention in the last few decades due to their 
one dimensional geometry and the fact that they can 
be used to vary the stretch rate conveniently. 
Numerous theoretical, experimental and numerical 
studies have discussed their flow field [1-3], flame 
speed [4, 5], extinction behaviour [3, 6], flame 
temperature [7, 8], species distribution [2, 9] and 
pollutant emission [10-13] as well as 
chemiluminescence [14-17]. Since 
chemiluminescence can provide much useful 
information including heat release rate (HRR) [15, 
18-20], equivalence ratio (ER) [15, 16, 21-24] and 
location of the reaction zone [14, 21, 22, 25, 26], it 
has been widely used in research and industrial 
combustor control [19, 27].  

So far, several researches have investigated the 
detailed chemical mechanism of the 
chemiluminescence of different excited species [20, 
28, 29]. Generally, the detailed chemical mechanism 
is assembled fromthree kinds of reactions, which are 
formation reactions, collisional quenching reactions 
and radiative destruction reactions. In the 
chemiluminescence mechanism, the formation 
reactions dominate the mole fraction or concentration 
of excited species in the calculated flames.  

For the OH* molecule’s formation, two pathways 
are accepted, which are the hydrocarbon oxidation 
pathway (R1) and hydrogen oxidation path way (R2): 

CH+O2=OH*+CO    (R1) 
H+O+M=OH*+M    (R2) 

A comprehensive review on OH* formation reactions 
can be found in reference [30]. Although, in 
hydrocarbon flames, the dominant formation pathway 
of OH* is R1 [31], pathway R2 enables the 
mechanism to predict the OH* formation for the 

flames for hydrogen fuel and hydrogen hydrocarbon 
blended fuels [30].  

For CH*(A) formation, four reactions were 
proposed by Smith et al. [28]:  

C2H+O2=CH*+CO2   (R3) 
C2H+O=CH*+CO   (R4) 
C2+OH=CH*+CO   (R5) 
C+H+M=CH*+M   (R6) 

The reactions of ethynyl radical (C2H) with oxygen, 
R3 and R4, are regarded as the dominating pathway 
by several researchers [32-36]. The CH*(A) 
formation pathway from C2 (R5) was suggested by 
Gaydon [37] however, according to the recent 
investigation of Smith et al. [28], R5 plays only a 
minor role in methane flames. R6 was first proposed 
by Smith et al. [28] and its rate constant is estimated 
from R2.  

For the C2
* Swan band chemiluminescence 

formation reactions, less attention has been paid to 
these CH2+C pathway (R6) was firstly suggested by 
Bowman et al. [38] and further supported by Grebe 
and Homann [39] in a flow discharge examination of 
kinetics in the C2H2/O/H system. Another pathway of 
C2

* formation (R7) is through C3 reaction with 
oxygen, as suggested by Savadatti and Broida [40] in 
carbon vapour flames in oxygen.  

CH2+C=C2
*+H2    (R6) 

C3+O=C2
*+CO    (R7) 

For CO2
* chemiluminescence, the only available 

detailed formation mechanism, R8 and R9, was 
proposed by Kopp et al. [41, 42] with the shock tube 
measurement in the H2/N2O/CO/Ar system. This 
CO2

* chemiluminescence mechanism was examined 
in the n-Heptane diesel engine condition, however, 
and only fair agreement was achieved with the 
experimental result in the optical engine.  

CO+O+M=CO2
*+M    (R8) 

HCO+O=CO2
*+H    (R9) 



In the present investigation, the 
chemiluminescence of OH*, CH*(A), C2

* and CO2
* 

were simultaneously simulated in non-preheated (Tin 
= 300 K) counterflow flames under atmosphere 

pressure conditions. The flames’ equivalence ratios 
(ER) ranged from 0.6 to 1.3, and strain rates range 
from 80 s-1 to 400 s-1, were considered to examine the 
correlation between chemiluminescence and 
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Figure 1 Normalized OH*, CH*(A), C2* and CO2* chemiluminescent intensity and heat release rate as a 
function of equivalence ratio and having the strain rate (a) as a parameter. The solid lines with dot represent the 
chemiluminescent intensity and the dash lines represent the heat release rate. (a), (d), (g), (j): results for GRI-
Mech 3.0 case; (b), (e), (h), (k): results for USC Mech Version II case; (c), (f), (i), (l): results for UCSD-Mech 
case. 



equivalence ratio, heat release rate and NO emission. 
Three widely used detailed C1-C3 mechanisms, GRI-
Mech 3.0 [43], that due to USC Mech Version II [44] 
and The UCSD-Mech [45], were coupled with the 
chemiluminescence mechanism to assess the thermal 
mechanism effect on the chemiluminescence.  
Chemical Mechanism  

The employed OH*, CH*(A) and 
C2

*chemiluminescence mechanism was modified 
based on the one adopted by Kathrotia et al.[29, 46]. 
The reaction rate of the OH* chemiluminescence 
formation path from hydrocarbon (R2) was updated 
according to the recent shock-tube measurement by 
Bozkurt and Metehan [47]. The CO2

* 
chemiluminescence model proposed by Kopp et 
al.[41, 42] was employed. Because C2, C2H and C3 
are included in R3, R4, R5 and R7, elementary 
reactions for C, C2 and C3 species were added in the 
fuel oxidant mechanism: these elementary reactions 
were same as the reactions used in Kathrotia et 
al.[29, 46]. The thermochemical data from Burcat–
Ruscic thermochemical database [48] was employed 
for the excited species and for the C, C2 and C3 
species. The transport coefficients data were from the 
fuel oxidant mechanisms. The NO mechanism was 
provided by GRI-Mech 3.0 [43].  
Numerical Conditions  

The OPPDIF code [49] was employed to 
simulate the 1-D premixed counterflow flames. The 
results were obtained for the equivalence ratio range 
of 0.6 to 1.3 and strain rate range from 80 to 400 s-1 
corresponding to the air-fuel mixture’s bulk velocity 
at the nozzle exit V=1-5m/s. The pressure and 
temperature of the fuel-air mixture were set at 1 bar 
and 300K respectively. The transport coefficients 
were calculated using mixture-averaged formulation.  

The absolute tolerance and relative tolerance for 
iteration and time stepping were 1E-13 and 1E-6 
respectively. The convection terms were discretized 
by upwind scheme. To ensure the accuracy of the 
calculated heat release rate and chemiluminescent 

intensity peak position, a very fine mesh was used. 
The final mesh had approximate 400 to 800 points, 
depending on the main oxidant mechanism.  
Results and Discussion 

To assess the ability of chemiluminescence from 
different excited species in indicating HRR, and to 
further understand the oxidant mechanism effect on 
predicting chemiluminescence, a comparison 
between the HRR and chemiluminescent intensities 
from different excited species is necessary. Figure 1 
plots the normalized OH*, CH*(A), C2

* and CO2
* 

chemiluminescent intensity and HRR a function of 
equivalence ratio and having the strain rate as a 
parameter. The chemiluminescent intensity and HRR 
are calculated in premixed methane-air flame, based 
on the three different fuel oxidant mechanisms as 
discussed previously. The calculated OH* 
chemiluminescent intensity based on GRI-Mech 3.0 
increased monotonically with ER for all values of 
strain rate for 0.6 < ER < 1.1, and decreased 
monotonically with increasing ER thereafter. 
According to the results calculated in the present 
study, the strain rate did not seem to have an effect 
on the heat release rate or the chemiluminescent 
intensity for the lean flames, but there was a strain 
rate effect on the both calculated quantities for the 
ER >0.9 flames, shown in Figure 1 (a). In contrast, 
the experimental results showed that there was an 
effect of the strain rate for all the range of ER studied 
[50]. Figure 1 (b) and (c) illustrate the calculated OH* 
chemiluminescent intensity based on Mech Version 
II and UCSD-Mech. No significant difference was 
found among these three calculated OH* 
chemiluminescent intensities. For all three calculated 
OH* chemiluminescent intensities, the maximum 
values were achieved at ER=1.1, which is very close 
to the equivalence ratio of peak HRR. Figure 1 (d), 
(e) and (f) show the predicted CH*(A) 
chemiluminescent intensity. The behaviors of 
CH*(A) as a function of equivalence ratio and strain 
rate were similar to OH*. The CH*(A) 
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Figure 2 Calculated OH*/CH*(A) chemiluminescent intensity ratio as a function of equivalence ratio having the 
strain rate as parameter. (a): results for GRI-Mech 3.0 case; (b) results for USC Mech Version II case; (c): 
results for UCSD-Mech case.  



chemiluminescent intensity increased with 
equivalence ratio from 0.6 to 1.1 and monotonically 
decreased thereafter. However, the peak CH*(A) 
chemiluminescent intensity predicted by UCSD-
Mech occurred at ER=1.0 while, for the other two 
cases, the peak CH*(A) chemiluminescent intensities 
occurred at ER=1.1. For the C2

* chemiluminescent 
intensity, a substantial difference between these three 
predicted results were exists, see Figure 1 (g), (h) and 
(i). For the GRI-Mech 3.0 case, the peak intensity of 
C2

* was found at ER=1.2, and the strain rate did not 
influence the ER of peak C2

* chemiluminescent 
intensity: these phenomena agree with our previous 
published experimental results [50]. However, for the 
USC Mech Version II case, the ER of peak C2

* 
chemiluminescent intensity occurred at 1.2 for the 
cases with strain rates lower than 160 s-1, while, with 
the strain rate increased, the peak C2

* moved to 
ER=1.1 for the cases with strain rate of 240, 320 and 
400 s-1. And in the UCSD-Mech cases, all the C2

* 
chemiluminescent intensity reached peak values at 
ER=1.1. For the CO2

* chemiluminescent intensities, 
the variation for difference ER and strain rates are 
plotted in Figure 1 (j), (k) and (l). The behavior of 
CO2

* variation with ER were similar to OH*. The 
strain rate effect was minor but more notable than 
that on OH*; the CO2

* chemiluminescent intensities 
were generally dominated by stoichiometry. 
Differences can be found between GRI-Mech 3.0 and 
other two mechanisms. The peak CO2

* 

chemiluminescent intensities predicted by the GRI-
Mech 3.0 mechanism occurred at ER=1.0 for all the 
strain rates, while, for other two cases, the peak CO2

* 
occurred at ER=0.9. Compared with previous 
experimental results[50], the calculated CO2

* 
chemiluminescent intensities based on GRI-Mech 3.0 
were the closer.  

The chemiluminescent intensity ratio of OH* and 
CH*(A) has been suggested as an equivalence ratio 
marker by many researchers: however, the fuel 
oxidant mechanism effect on predicting this ratio has 
not been examined previously. Figure 2 illustrates the 
calculated OH*/CH*(A) chemiluminescent intensity 
ratio for the three different fuel oxidant mechanisms. 
For the GRI-Mech 3.0 case, the calculated 
OH*/CH*(A) chemiluminescent intensity ratios was 
monotonically increased in equivalence range from 
0.6 to 0.8 and decreased from 0.8 to1.3 for strain 
rates lower 160 s-1. For the higher strain rate cases, 
strain rate above 240 s-1, the OH*/CH*(A) 
chemiluminescent intensity ratio monotonically 
decreases with increase in equivalence ratio. 
Nevertheless, for all these cases, the effect of strain 
rate was minor when compared with the equivalence 
ratio effect. The predicted OH*/CH(A)* 
chemiluminescent intensity ratios, based on GRI-
Mech 3.0, generally achieved very good qualitative 
and quantitatively agreements with measured results 
[15, 21, 50, 51]. However, for the Mech Version II 
case, the maximum of OH/CH*(A) chemiluminescent 

0

50

100

150

200

250

300

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

a=80 s-1
a=160 s-1
a=240 s-1
a=320 s-1
a=400 s-1

OH* 

(a)

0

50

100

150

200

250

300

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

a=80 s-1
a=160 s-1
a=240 s-1
a=320 s-1
a=400 s-1

CH*(A)
(b)

0

50

100

150

200

250

300

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

a=80 s-1
a=160 s-1
a=240 s-1
a=320 s-1
a=400 s-1

C2
*

(c)

0

50

100

150

200

250

300

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

a=80 s-1
a=160 s-1
a=240 s-1
a=320 s-1
a=400 s-1

CO2
*

(d)

D
is
ta
nc
e 
be
tw
ee
n 
pe
ak
 c
he
m
ilu
m
in
es
ce
nc
e 
an
d 
R
O
P 
of
 N
O
 (µ
m
)

Equivalence ratio Equivalence ratio  
Figure 3 Distance between peak chemiluminescence and peak production rate of NO in methane-air flames 
plotted against equivalence ratio and having strain rate as parameter. (a): peak to peak distance between OH* and 
rate of production (ROP) of NO; (b): peak to peak distance between CH*(A) and ROP of NO; (C): peak to peak 
distance between C2

* and ROP of NO; (d): peak to peak distance between CO2
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intensity ratios occurred at ER between 0.9 to 1.0, 
depending on the strain rate. Moreover, for the 
UCSD-Mech, the trend of OH/CH*(A) 
chemiluminescent intensity ratio behaviour was in 
reverse to the GRI-Mech 3.0 case: the OH/CH*(A) 
increased with ER in range from 0.6 to 1.2 and then 
decreased at ER=1.3. As far as quantitative results 
are concerned, the magnitude of OH/CH*(A) 
chemiluminescent intensity ratio predicted based on 
Mech Version II fuel oxidant mechanism was about 
half of the magnitude predicted based on GRI-Mech 
3.0. Moreover, the OH*/CH*(A) chemiluminescent 
intensity ratios for UCSD-Mech cases were 
approximately one tenth of the GRI-Mech 3.0 cases. 
These phenomena suggest that the main fuel oxidant 
mechanism influences not only the magnitude of 
OH*/CH*(A) chemiluminescent intensity ratio but 
also its tendency.  

Chemiluminescence has been used for online 
monitoring of NO emission for combustor control 
[52]. To examine the relationship between 
chemiluminescence and NO production, the distance 
between peak chemiluminescence and NO rate of 
production (ROP) is plotted in Figure 3. Generally, 
for the lean flames, the peak to peak distances 
between chemiluminescence and NO ROP were less 
than 100 µm, especially for the CO2

* and C2
* 

chemiluminescence, shown in Figure 3 (d). 
Moreover, both the strain rate and equivalence ratio 
did not significantly influence this peak to peak 
distance except for the cases at ER=1.3 and ER=0.6.  

To further understand the relation between NO 
emission and chemiluminescence, the calculated 
overall NO ROP for the flame area is shown in 
Figure 4. The overall NO ROP increased with 
equivalence ratio in the lean flames and was highest 
at between ER=1.1 to 1.2, depending on the strain 
rate. Both the equivalence ratio and strain rate effect 
are significant. Thus, a combination of C2

* and CO2
* 

can correlate with the NO ROP behaviour. Leaner 
than ER=0.9, the CO2

* chemiluminescence 
behaviours follow the trend of NO ROP. Richer than 
ER=0.9, the C2

* is the more reliable indicator and 

shows the highest magnitude at ER=1.2. Moreover, 
the combination of CO2

* and C2
* is convenient in 

practice because the wavelength of the C2
* Swan 

band overlaps with the wavelength of CO2
*. Because 

photomultiplier based measurements cannot 
distinguish CO2

* and C2
* chemiluminescence, the 

measurement of C2
* chemiluminescent intensity 

based on the photomultiplier signal can be treated as 
the total intensity of CO2

* and C2
* 

chemiluminescence. The combination result of CO2
* 

and C2
* measurement can be found in Figure3 of 

[50], the measured combined CO2
* and C2

* 
chemiluminescent intensity follows the NO ROP 
trend very well.  
Conclusions 
• The fuel oxidant mechanism is important for 
predicting chemiluminescent intensities and their 
ratio. A good combination of fuel oxidant mechanism 
and chemiluminescence mechanism can qualitatively 
and quantitatively reproduce the experimental results.  
• The OH*, CH*(A) and CO2

* 
chemiluminescent intensity can be utilized to indicate 
HRR behaviour; the OH*/CH*(A) chemiluminescent 
ratio is capable of marking the equivalence ratio.  
• The CO2

* and C2
* chemiluminescence are 

able to indicate the NO ROP position in the evaluated 
flame and the combined CO2

* and C2
* 

chemiluminescent intensity can follow the NO ROP 
behaviour very well. This combination is easy to 
achieve in practice.  
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