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ABSTRACT

The C02(1B2) - COg(Xl}Zg) transition is a source of chemiluminescence from CO and hydrocarbon premixed
flames and can be used as a diagnostic; however, its chemistry is not well known due to its broadband nature.
Although several attempts have been made to model CO5('By) chemiluminescence, none performs well in hy-
drocarbon flames. We propose a new detailed kinetic model for COz(le) chemiluminescence, based on shock
tube experiments in the literature and on opposed flame data presented here. The mechanism consists of 26
reactions which describe the formation of the lower excited state molecule C02(3B2) (R1), the inter-system
crossing reaction between COZ(BBZ) and COz(le) (R2), COz(le), the formatting reaction path in hydrocarbon
flames (R3), COz(le) radiative quenching (R4) and collisional quenching of C02(3B2) and COz(le) (R5-R26).
The reaction rates constants of R1 and R3 within + 60% and + 32% uncertainty, respectively, were determined
as follows:

CO + 0 + M = COs(°By) + M.

ki =1x 1013exp(—1O/RT) cm® mol? s’l, KJ mol ™"

CH + 05 = CO5('By) + H.

ks =8 x 10'° em® mol ' s

The mechanism was evaluated against several shock tube experiments at low and elevated pressures and also
the CO5(!B,)/OH* chemiluminescent intensity ratio for premixed CHy-air and CsHg-air opposed flames measured
in the current study. The comparison showed good agreement for COy('By) temporal profiles for CO-based, CH4-
based and CoHy-based mixtures. The prediction of temperature dependence of the CO2(!B,) peak intensity for the
CHy-based mixture at both low and elevated pressures was much improved relative to previous models. The
CO,(*By)/OH* chemiluminescent intensity ratio for premixed CHy-air flames predicted by the new model agrees
quite well with experiment data, while a small discrepancy remains for CgHg-air flames. Overall, the developed
CO5('By) chemiluminescence model reproduces, a wide range of experimental data and extends knowledge of
Coy('By) chemistry.

1. Introduction

broadband emission from 220 nm to 700 nm and also contributes to
measured OH(A) and CH(A) intensities [5,8] for methane flames. In

Chemiluminescence can provide the basis of simple, nonintrusive
instruments [1-5]: the intensities from OH(A22+-X2H), CH(A%A- XZH),
Cz(dBH—a?’H), and COz(Ale— Xlzg ) can monitor heat release rate and
equivalence ratio [6-8]. The chemistry of prominent narrowband
chemiluminescence, including OH(A) [9-11] at 309 nm, CH(A) [9,10]
at 431 nm and Cy(d) [2,12] at 516 nm, has been extensively studied. In
carbon monoxide and hydrocarbon flames [8,13-17], chem-
iluminescence of COy('By) is believed to be the main source of the
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ultra-lean combustors and inert gas diluted, hydrogen enriched methane
and syngas flames, CO5('By) is the main source of chemiluminescence
and has been used to monitor equivalence ratio (¢) [7,18], dilution level
[19] and heat release rate [1]. A detailed kinetic mechanism of COz(le)
chemiluminescence could guide quantitative interpretation and accu-
rate evaluation of OH(A), CH(A) and Cy(d) chemical Kkinetic
mechanisms.

The chemistry of its formation, radiative quenching and collisional
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quenching is still debated. The detailed chemistry [14] in CO + Hj
flames includes three steps: CO + O + M = COz(le) + M (R39),
CO5('By) + M = CO; + M (R16-R26), and CO5(*By) — CO, + hv (R4).
Since direct formation of C02(1B2) from CO + O is spin forbidden, a spin
reversal process between C02(3B2) and C02(1B2) is needed and the
mechanism for COz(le) chemiluminescence in CO based flames was
extended to include the reaction for CO2(°By) formation and intersystem
crossing reaction between C02(1B2) and COZ(SBg). This scheme [20] is:
CO + O + M = CO2(®B) + M (R1), CO2(®By) — CO2(*By) (R2), CO(*By)
— CO3 + hv (R4), CO2(®By) + M = CO; + M (R5-R15), and CO2(1By) +
M = CO; + M (R16-R26).

It is hard to isolate every reaction rate constant in these two detailed
chemical schemes; literature tends to use a global mechanism for
CO4('By) chemiluminescence: CO + O = COz + hv (RO). The CO4(*By)
chemiluminescent intensity can be calculated by I, = ky x [CO][O],
where I. is the COZ(IBZ) chemiluminescent intensity, ko is the rate
constant of (R39), and [CO] as well as [O] are the concentrations of CO
and O respectively. A comprehensive review of kg can be found in [21].
All reaction rates for the overall CO5(*By) chemiluminescence mecha-
nism were calibrated in CO based mixture flames, leading to good
agreement with experiments in CO flames. However, two shock tube
measurements showed that the COz(le) global mechanism for chem-
iluminescence is not able to represent the COg(le) chemiluminescence
time history in methane [22] and ethylene [17] mixtures.

Towards the detailed COo('Bs) chemiluminescence mechanism,
Kopp et al. [23] proposed a detailed CO2('By) chemiluminescence
mechanism based on the first CO-O reaction scheme (R39, R16-26 and
R4) (note as PG1) and further improved the reaction rate constant of R39
in 2015 [16] (note as PG2). The finalized reaction mechanism also
included an HCO + O = CO5(*By) + H reaction, as the CO('By) gen-
eration path in hydrocarbon oxidation. This PG2 mechanism has shown
good agreement with shock tube experiments in CO oxidation [16].
Although PG2 demonstrated better predictions for CH4-O2-Ar mixtures
than all previous models, agreement is only fairly good with shock tube
data for CH4 mixtures [16]. Guiberti et al. [19] showed that the PG1
COz(le) chemiluminescence mechanism [23] in laminar premixed
conical CHy/air and CO» or N> diluted flames was not even comparable
to the overall mechanism for predicting the CO,('By) chem-
iluminescence profile and COz(le) chemiluminescent intensity. Smir-
nov et al. [17] also obtained unsatisfactory results with the PG2
mechanism for the CO5('B;)/OH* chemiluminescent intensity ratios in
premixed methane flames.

Recent COz(le) chemiluminescence measurements in a shock tube
[17] showed that the time history of COz(le) chemiluminescence is
closely contemporaneous with OH* chemiluminescence. Moreover, data
in the literature [1,5] and our measurements in counterflow flame [24]
have shown that the COz(le)/OH* chemiluminescent intensity ratio
varies only slightly with equivalence ratio. These phenomena suggest
that the CH + O = CO2('By) + H reaction, which is also the main path of
OH* generation in hydrocarbon flames (CH + Oy = OH* + CO), domi-
nates C02(1B2) generation at the flame front. Recent results provided
more information about COz(lBg) and C02(3B2) potential energy
[25,26] and quantum yield [27], suggesting that the second CO4('By)
chemiluminescence reaction scheme (R1, R2 and R4-R26) is closer to the
chemistry of CO oxidation.

Since there is no available detailed COz(le) chemiluminescence
reaction mechanism based on the second scheme, and recent observa-
tions of the excited CO, molecule provided new physical insight, the
purpose of the present study is to assemble a detailed CO(*By) chem-
iluminescence reaction mechanism based on the second scheme, which
includes the CH + O, = COz(le) + H reaction (R3), as the main
C02(1B2) formation path for hydrocarbon oxidation. In the following
sections, the experimental apparatus and chemical modelling are
described. The predicted results are evaluated against our opposed jet
flame measurements and existing data in CO, CH4 and CyH4 oxidation.
Comparisons with the PG2 mechanism are also presented.
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2. Chemiluminescent reaction kinetics

GRI-Mech 3.0 [28] (mechanism for fuel oxidation) was used for
evaluating chemiluminescence mechanisms [2,9,10,12] for methane,
ethylene and propane flames. We examined the USC-Mech II [29], UCSD
mechanism [30] and CRECK C1-C3 + NOx mechanism [31-33] to
ensure the robustness of the chemiluminescence sub mechanism, which
is discussed later. An OH* chemiluminescence sub-mechanism, pro-
posed by Kathrotia [12], with updated reaction rate constant for CH +
0O, = CO + OH* [10], was adopted as a tracer to anchor the COz(le)
chemiluminescent intensity. This sub-mechanism, with the GRI-Mech
3.0 mechanism, has been evaluated in [8,34]. The thermodynamic
data for the sub-mechanism was from the Burcat database [35].

2.1. Thermodynamic data of CO2( IBZ) and CO3(°By).

The thermodynamic data of each species included specific heat (cg),

enthalpy (h°), and entropy (s°). In OPPDIF code [36], these three
properties are expressed in NASA polynomial form [28,35]:

&0
f:a|+a2T+a3T2+a4T3+a5T4 (@)
ho a) T2 as T3 ay T4 das T5

— =g T+— _t 2
g-aT+——+= 4 s T (2)
s0 aT? a TP asT*

— =aIn(T T+—— 3
Raln()+ag+2+3+4+a7 3)

where R is the universal gas constant, T is the gas temperature, a; to
a are the coefficients of the thermodynamic data’s polynomial.

Because the COZ(lBZ) and COz(XIZgﬂ share the same atoms, we as-
sume that the specific heat of COz(le) is that of its ground state
COZ(X12g+). The mole entropy of COz(lBZ) is then the same value as
COg(X12g+) due to s° = fOT Cg(TT> dT. Based on these assumptions, the
enthalpy (h°) is the only unknown property. If we assume that the mean
energy difference between COg(le) and C02(X12§), denoted by AE,
remains constant in the evaluated temperature range, the enthalpy of
CO2('By) is calculated by hlosim2) = hoozxiz e + AE- Simulation from

the literature [25] and [26] show that the range of A Ecoais) is from
5.60 to 6.63 eV (220 to 190 nm). Thus, by employing 5.60 eV as the A
Eco2(182), a5 = 1.7068E + 4 between 200 and 1000 K and 1.6414E + 4
between 1000 and 6000 K is calculated by Newton iterations. By using
the same method, A Ecoz3ss2) = 3.55 eV (350 nm) is employed from
Ibraguimova et al. [26] to calculate ag for C02(3B2). The results are ag =
-7.2374E + 03 between 200 and 1000 K and 7.8909E + 03 for 1000 to
6000 K.

2.2. CO3('By) reaction kinetics in hydrocarbon oxidation.

The proposed reactions responsible for CO4(!By) formation in hy-
drocarbon oxidation are O + CO + M = C02(3B2) + M (R1), C02(3B2) ->
CO4('By) (R2) and CH + Oy = CO5('By) + H (R3) as shown in Table 1.
The three-body recombination reaction (R1) corresponds to the
C02(3B2) formation through CO. The reaction rate constant was esti-
mated from the reaction rate constants of R1 in the PG2 mechanism
[16]. The pre-exponential factor (A) was fitted based on COz(le)
chemiluminescence intensity time history profile for CH4 mixture from
Petersen et al. [22] and COZ(IBZ)/OH»A- chemiluminescent ratios for CHy-
air mixture. E, is kept the same in R1 as in [16] to preserve the COg(le)
temperature dependence for CO oxidations. The reaction rate constant
of inter-system crossing reaction (R2) is estimated from very short
fluorescence lifetime observation (no more than 5 ns) from CO, LIF
measurement [27]. The main COz(le) formation path in hydrocarbon
oxidations, proposed by the current study, is R3. Its reaction rate con-
stant was determined by the COz(le)/ OH* chemiluminescent intensity
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Table 1
Reaction mechanism for CO,('B,); the reaction rate constant is presented in k =
A T" exp(-E, / RT) with the units of A (cm®, mole, s), Eq (kJ, mole).

No. Reaction A n E, Note

R1 0O+CO+M= 1.0E + 0 10 this work, est. from
CO5(By) + M 13 [16]
H,/2.0/ H,0/12/ CO/1.75/ CO4/3.6/ Ar/0.7/

R2 CO,(°By) -> CO4('By) 2.0E + 0 0

08

R3 CH 4 O, = CO5('By) +  8.0E + 0 0
H 10

R4 CO,('B,) -> COy + hv 1.0E + 0 0 est. from CS,[38] and

05 NO,[37]

8.4E + 0.5 0 est. from [16] and [27]

est. from [27,39]

this work

R5 CO,(®By) + Ar = CO5 +

Ar 10

R6 C02(3B2) + Hy0 = CO, 8.4E + 0.5 0 est. from [16] and [27]
+ Hy0 10

R7 COz(sBz) + CO, = COy 9.1E + 0.5 0 est. from [16] and [27]
+ CO, 10

R8  CO,(By) +CO=CO,  9.7E+ 05 0  est from[16] and [27]
+co 10

R9  CO,(*Bp) +H=COp+ 3.1E + 0.5 0  est from[16] and [27]
H 11

R10  CO,(°By) + Hy = CO, 2.7E + 05 0  est from[16] and [27]
+H, 11

R11  CO,(*By) + Oz = CO, 8.8E + 05 0  est from[16] and [27]
+ 0y 10

R12 CO,(®By) + 0=CO,+ 9.8E + 0.5 0  est from[16] and [27]
o) 10

R13  CO,(°By) + OH=CO,  9.9E + 05 0  est from[16]and [27]
+ OH 10

R14 CO,(®By) + CH;=CO, 1.2E + 0.5 0  est from[16] and [27]
+ CHy4 11

RI15  CO5(°By) + Ny = CO, 1.0E + 05 0  est from[16] and [27]
+ N, 11

R16  CO,('By) + Ar=CO+  8.4E + 05 0  0.010f [16]
Ar 10

R17  CO,('By) + H,0 =CO;  8.4E + 05 0  0.01of [16]
+ Hy0 10

R18  COy('By) +CO,=CO, 9.1E + 05 0  0.010f [16]
+CO, 10

R19 CO,('By) +CO=CO,  9.7E + 05 0  0.01of[16]
+co 10

R20 CO5('By) + H=CO,+  3.1E + 05 0  0.01o0f [16]
H 11

R21  CO('By) + Hy = CO, 2.7E + 05 0  0.010f [16]
+ H, 11

R22  CO,('By) + Oy = COy 8.8E + 05 0 0.01 of [16]
+ 0, 10

R23  COy('By) +0=CO,+ 9.8E + 05 0  0.01of[16]
o) 10

R24 CO,('By) + OH=CO,  9.9E + 05 0  0.01o0f [16]
+ OH 10

R25 CO('By) + CHy=CO,  1.2E + 05 0  0.010f [16]
+ CHy4 11

R26  CO,('By) + Ny = CO, 1.0E + 05 0  0.010f [16]

+ N 11

ratio presented here, CO4('B,) chemiluminescent intensity time history
and C02(1B2) dependence on temperature in shock tube measurements
[22]. The radiative quenching from CO5(*By) to COz(XlZg) is described
by R4. Because the inter-system crossing is very effective, direct mea-
surement of COZ(IBZ) lifetime is not possible. Thus, the lifetime of
N02(2B1) [37] and CSz(le) [38] was used to estimate COz(le) radia-
tive quenching lifetime. Therefore, a 25-40 ps lifetime for NOy(?B1)
(0(—5)s) and 2-13 s lifetime for CSy('By) (O( —6)toO( —5)s) were used
to estimate that COZ(IBZ) lifetime is O( —5)s. It should be noted that this
methodology may underestimate k4. The collisional quenching pro-
cesses of CO2(®°B5) and CO,(!B,) are presented by reaction R5 to R15 and
R16 to R26 respectively. Their reaction rates were evaluated as 0.01 of
the gas-kinetic frequency factor proposed in the PG1 mechanism [23].
The 0.01 factor was selected from suggestion of [17,27].
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3. Experimental

The counterflow burner used to measure the CO,('B,)/OH* flame
chemiluminescent intensity ratios was described previously [8].
Therefore, only a brief discission is presented here. As shown in Fig. 1, it
consists of two identical, vertically opposed contracting nozzles with
inner diameter of 30 mm, separated by a distance of 30 mm (H = 30
mm). Methane and air were injected into the chamber upstream of the
accelerating nozzles, where they impinged on round plates to ensure
adequate premixing before the nozzles. The two opposed nozzles were
carefully aligned to ensure uniform and symmetric velocity profiles at
the nozzle exit. The annular duct around the central pipe supplies ni-
trogen (N3) coaxially to the central premixed fuel-air mixture. Ny was
introduced in the annulus through four side inlets, passed through a
honeycomb mesh, and flowed through an annular ring surrounding the
main nozzle. The Ny co-flows were used to extinguish the secondary
diffusion flames, formed away from the central flat flame and ensure the
premixed flames were detached from the rims at the exit nozzle.

The equivalence ratio (¢) of the methane-air and propane-air mix-
tures was varied from 0.6 to 1.4, and the area averaged bulk velocity of
the mixture at the jet exit, Vo, was varied from 1.8 to 6 m/s, which
corresponded to a global flow strain rate range of 120 to 400 s~ 1. The
calculation of the strain rate, a, was based on the area averaged bulk
velocity, Vy, as a = 2 V°/H where H is the separation distance between
the two pipes delivering the counterflow jets. The methane-air mixture
outlet temperature was within a range of 300 + 5 K. The equivalence

Mehtane - air

Mixing plate

Perforated plate
and mesh layer

Nitrogen inlet Cooling
jacket
E 4
S h
(12}
@ 50mm

- ' | @ 30mm

£ 7

N

S %
£
£
N
=)
N 4 \

@ 74m
Z3

45mm

Fig. 1. Arrangement and dimensions of the counterflow burner.
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ratio, strain rate and fuel conditions of the premixed hydrocarbon-air
opposed flames are shown in the shadowed part of Table 2. The flame
was operated at 1 atm.

The COy('B;)/OH* chemiluminescent intensity ratios were
measured by combined fibre-lens detection optics and an Echelle spec-
trograph. The light was collected by a UV fused silica plano-convex lens
and focused on a UV-grade optical fibre with core diameter of 1500 um.
The collected light was directed to a 25 pm x 50 um slit, fitted on an
Echelle spectrograph (Andor Mechelle ME5000). The spectra of the
detected light were recorded by an Intensified CCD camera (Andor DH-
534). To minimize statistical uncertainties, 300 images, exposed over a
second, were averaged. This spectrally resolved, line of sight, detection
system provided a wavelength range from 250 to 800 nm with resolution
of A 1 ~ 1/4000 nm. The measured flame spectra were processed to
remove contributions from OH*, CH*(A), CH*(B) and Cy*. The resulting
spectra were interpolated, using a polynomial, to obtain the CO5(*By)
chemiluminescent intensity at the location of the removed intensities.
These full wavelength range COZ(IBZ) chemiluminescence data were
also used to remove the COy('By) contribution to measured OH*
chemiluminescence. Finally, a 250 — 690 nm integrated CO5('By)
chemiluminescent intensity and a 305-325 nm integrated OH* chemi-
luminescent intensity, without the CO5('By) chemiluminescent intensity
contribution, were used to calculate the COz(lBg)/OH* chemilumines-
cent intensity ratios for different equivalence ratios, strain rates and
fuels. The uncertainty of chemiluminescent intensity ratio measurement
is 14%, resulting in a 32% uncertainty of ks as evaluated by a sum of
square roots method. A detailed uncertainty analysis is available in
Supplemental Material 4.

4. Modelling

The final mechanism includes reactions of hydrocarbon oxidation
and reactions describing formation and consumption of excited species.
The mechanism includes 57 species and 363 reactions. The full reaction
mechanism and thermodynamic data are listed as Supplemental Mate-
rial 2 and 3.

The modelling of opposed flames (OPPDIF code [36]) had 1073 ab-
solute tolerance and 10 relative tolerance. A typical number of final
mesh points was 500 for gradient and curvature adaptive grid control.
The inlet flow conditions were according to the experimental conditions,
whereas the equivalence ratio and strain rate range were varied more
than the experiment, as shown by the non-shadowed part of Table 2.

For the modelling of the shock tube experiments, the Senkin code
[40] was employed, based on a constant enthalpy and constant pressure
assumption. Thus, the flow and mixture conditions for the shock tube
modelling were those of the literature. Five Hy-N5O-CO-Ar mixtures of
the literature [16], noted as Mix 0 to Mix 4, were employed to assess R1
and R2. A CH4-O,-Ar mixture and a CoHy-O4-Ar mixture of the literature
[22] and [17] assessed the reaction R3. A full list of conditions and
mixture compositions can be found in Supplemental Material 1. The
ROP of radiative reactions (R4) for excited species is used as the
modelled chemiluminescent intensity.

Table 2
Flame Conditions.
[ Strain rate (s’l)
120 160 240 320 400

0.6 CH4 CHy4 CH4 CHy4 CH4
0.7 CH4 CH,4/C3Hg CH4/C3Hg CHy4 CH4
0.8 CH,4 CH,4/C3Hg CH,4/C3Hg CH,4/C3Hg CH,/C3Hg
0.9 CH4 CH,4/CsHg CH4/C3Hg CH,4/C3Hg CH4/C3Hg
1.0 CH4 CH,4/C3Hg CH4/C3Hg CH,4/C3Hg CH,4/C3Hg
1.1 CH,4 CH,4/C3Hg CH,4/C3Hg CH,4/C3Hg CH,/C3Hg
1.2 CH4 CH,4/CsHg CH,4/C3Hg CH,4/C3Hg CH,4/C3Hg
1.3 CH4 CH,4/C3Hg CH4/C3Hg C3Hg C3Hg
1.4 C3Hg CsHg C3Hg CsHg CsHs
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To further examine the performance and robustness of the proposed
COz(le) mechanism, we conducted COz(le) rate of production and
sensitivity analysis as shown in Fig. 2 For the methane mixture at low
pressure, as shown in the Fig. 2 (a) and (c), the leading edge and peak of
the CO4(!By) time history are mainly attributed to R3. while the trailing
edge and long tail of the CO5('Bs) time history are attributed to R1 -> R2
path. This is expected since CH is mainly formatted in the ignition front
and CO is in abundance in the post ignition front region. The CO(!B)
rate of production also indicates that only using the CO + O path is not
able to accurately predict CO2(!B) in hydrocarbon flames. Therefore,
the mechanism proposed in this study can provide much improved
prediction comparing with CO + O global mechanism. Fig. 2 (b) and (d)
show that the peak COz(lBg) mole fraction is only sensitive to R3 (for-
mation) and R5 (argon collisional quenching) from the COz(le) sub-
mechanism. For the elevated pressure case, R1 and R2 become more
critical than R3 in the prediction of CO,('B,) time history as shown in
Fig. 2 (e) and (g). The R3 path is the main contributor of the leading edge
of the COg(le) peak, while R1 - R2 path is the main contributor of the
trailing edge. The peak value of the CO5('B,) is governed by the R1 - R2
path. Similar to the low pressure case, the CO5(!By) peak is mainly
sensitive to the reactions from the proposed CO5('B,) sub mechanism.

5. Results and discussion
5.1. COy( IBZ) chemiluminescent intensity time Histories.

Selected time histories of COZ(IBZ) chemiluminescent intensity for
Mix 0 to Mix 3 at low pressures are presented in Fig. 2. Both PG2 and the
proposed model agreed well with the experimental CO5(*By) chemilu-
minescent intensity time history. For all cases, the PG2 mechanism
slightly overpredicted the leading edge and underpredicted the trailing
edge by up to 30% (Fig. 2a). However, the new mechanism reduces the
under prediction of the trailing edge to less than 5% relative to experi-
mental data (Fig. 2a). Since the observation time of the shock tube
experiment was short [16], the trailing edge intensity profile is a stricter
criterion than the leading edge intensity when assessing the CO(!By)
mechanism. This is because a slight under prediction of the trailing edge
CO4('By) intensity for these time cases will lead to very large disparity
between experiment and prediction if the observation time is sufficiently
long. Therefore, based on this criterion, the new model provided a much
better prediction.

To further examine the performance of the new COz(le) chem-
iluminescence model for Hy-N,O-CO-Ar mixtures, two elevated pressure
tests for Mix 0 were performed (Fig. 3). For the lower temperature case,
shown in Fig. 3a, the new and PG2 models over predicted the CO,('By)
intensity at the leading and trailing edges. The peak intensity occurred at
a slightly later time for the new model than for the PG1 model. Since the
peak time of the experimental results is hard to detect, the comparison of
the performance of the two models is ambiguous. However, for the
higher temperature case, the deviation between PG2 prediction and
experiment is more than 300% at 200 ps, at the trailing edge CO5('By)
intensity. The new model performed much better at the trailing edge and
the difference between new model and experiment is less than 30% at
200 ps. Overall, the ability of the new mechanism to predict elevated
pressure trends is much improved.

For the CHy-based mixture, low and elevated pressure cases were
utilized to assess the available CO5('B,) models. Fig. 4a shows promising
agreement between the low pressure experiment of Petersen et al. [22]
and the new CO5('B,) model. However, the PG2 model over predicted
by a factor of two the COZ(IBZ) in the tail region (after 400 ps region).
For the elevated pressure case, both models performed similarly in
tracing the CO2('B,) time history: the models tend to predict thinner
COg(le) chemiluminescent intensity profiles than the experiment [22].

In higher hydrocarbon, C2 and C3, flames, COz(le) is more prom-
inent than in methane flames [15]. Thus, two shock tube experiments for
CoHy-based mixture [17] were employed to examine the performance of
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Experiment: Kopp et al., 2015
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version of this article.)

Experiment: Kopp et al., 2015 ----- Model: current —---- Model: PG2

£ 0] @ sl A O
3 5% Mix O . \‘ Mix O

O §50.6- 1654k 067 R 2176 K
B 204 {6 £ 0.4+ BY 10.5 atm |
N @ .6 atm R

T 5027 - 0.2 N [
g E 0.0 A n 0.0 o I ............. o
O L} L} L] L] L} L] L] L} L]

< 0 200 400 600 800 -200 0 200 400 600 800

Time (us) Time (us)

Fig. 4. Normalized COz(lBZ) intensity profiles for Mix 0 at elevated pressures, measured in a shock tube [16] (black line), predicted by the current model (red dash
line) and predicted by the PG2 model (grey dash dot line). The predicted profile in (b) was shifted in time to align with the peak of measured profile[41]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

CO4('B,) models. Comparison shows quite good agreement between the
new model and experiment, whereas the PG2 model over predicted the
COy('By) in the tail regions and did not reproduce the peak shape for the
low temperature case (Fig. 5). This ability of the new mechanism to
accurately predict the COZ(IBZ) time history in CyHy-based mixtures
supports the selection of reaction R1 as the main formation path in
hydrocarbon oxidation.

5.2. Temperature dependence of peak CO2('By) chemiluminescent
intensity Magnitude.

The temperature dependence of peak COZ(IBZ) chemiluminescent

intensity magnitude for five different Hy-N20-CO-Ar mixtures is shown
in Fig. 6. Although the E, of the R1 of the new model is the same as that
of corresponding reaction of PG2, the new model slightly under pre-
dicted the peak COZ(le) chemiluminescent intensity for the low tem-
perature and pressure cases. This under prediction is caused by the
different COz(le) enthalpy of the two mechanisms (AE = 4.14eV for
PG2, as calculated by the a6 in the supplied material of [16]). Since the
measured CO5(*By) intensity profile for Hy-NoO-CO-Ar mixtures at low
pressure showed a double hump shape rather than a sharp peak (Fig. 2),
the authors suggest that an integrated CO,(*B,) intensity over sufficient
time could be a better criterion. As discussed earlier, the new model
could better predict the trailing edge of the COy(!By) time history
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Fig. 5. Normalized CO2(1B2) intensity profiles for CH4 mixture at low and elevated pressures, measured in a shock tube [22] (black line), predicted by the current
model (red dash line) and predicted by the PG2 model (grey dash dot line). These two predicted profiles were shifted in time to align with the peak of measured
profile [41]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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profile. Thus, better agreement can be expected for sufficient time in-
tegrated CO,(*By) intensity cases. This conjecture can be tested in the
elevated pressure cases. Fig. 3 shows the CO5(!B,) time history profile
with a prominent peak shape, which suggests that using the peak in-
tensity is a more appropriate assessment criterion. Therefore, as shown
in Fig. 6f, the agreement between new and PG2 models and experiment
is quite good.

For the methane based mixture, the new mechanism captured the
experimental trends (Fig. 7). For the low pressure case, the new mech-
anism over predicted the measured peak CO5(*B,) intensity by less than
30%, while the PG2 model over predicted it by a factor of more than 2.5
and did not capture the trends well. Moreover, for the elevated pressure
case, although there is about 50% difference between the new model
and measurement, the new model can capture the trends well. In
contrast, there is a large over prediction (between 250% and 500%) of
the data by the PG2 model.

This ability of the proposed new mechanism to reproduce the
measured CO,(*B,) peak intensity and time history profile of different
hydrocarbon and CO based mixtures in shock tube experiments suggest
that the current model is reliable, at least at low pressure. The reaction
rate constant of R3 is competent to describe the CO,('By) temperature
dependence. Thus, a further examination of the current CO5(*By) model
was performed in the counterflow burner flames to examine the equiv-
alence ratio dependence of the CO4('B,)/OH* chemiluminescent in-
tensity ratio.

5.3. CO2('By)/OH* chemiluminescent intensity ratios.

The value of the narrow bandpass filtered chemiluminescent in-
tensity ratio of CO4('B,)/OH* tends to be independent of equivalence
ratio in methane flames [5]. However, full spectral range based
C02(1B2)/OH* chemiluminescent intensity ratio measurements are still
not available in the literature. Thus, the first objective of this part is to
fill this gap. A good agreement with experimental data for the CO5(*By)/
OH* chemiluminescent intensity ratio needs accurate prediction of both
COg(le) and OH*. Therefore, COz(lBg)/OH* chemiluminescent in-
tensity ratio can be used as a strict criterion for assessing the combined
COg(le) chemiluminescence sub-mechanism and the fuel oxidation
mechanism. The OH* chemiluminescence mechanism of the current
study is the same as in the literature [3,12,34] and can be used as a
reference marker for evaluating C02(1B2) mechanisms.

The predicted and measured CO4('B,)/OH* chemiluminescent in-
tensity ratios for CHy-air and C3Hg-air flames as a function of equiva-
lence ratio are illustrated in Fig. 8. For the methane flames, the
measured COZ(IBz)/ OH* chemiluminescent intensity ratio showed a ‘W’
shape trend against equivalence ratio: it decreased from 6.6 to 3.7 for ¢
= 0.6 and ¢ = 0.7, increased to 5.6 at stoichiometric point, then
decreased to 4.7 at ¢ = 1.1, and finally increased to 6.0 at ¢ = 1.3. The
cases predicted by the new model precisely described this ‘W’ shape
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variation and the largest quantitative difference is less than 30% (¢ =
1.3). In contrast, the PG2 model failed both qualitatively and quantita-
tively the prediction of CO5('B2)/OH* chemiluminescent intensity ratio.
The PG2 predictions showed a monotonic decrease and the magnitude
was about one order higher than experimental results (¢ = 0.6). For the
propane-air flames, the CO2('B2)/OH* chemiluminescent intensity ratio
was about two times higher than for methane flames. The experimental
data increased by 13%, from ¢ = 0.7 to ¢ = 1.0, and then decreased 20%
from ¢ = 1.0 to ¢ = 1.4. The comparison between the computed data by
the new mechanism and the measurement is promising. Except at ¢ =
0.7, the trend was captured, while the new model under predicted the
magnitude by 50% (Fig. 8b). The larger difference between experi-
mental and predicted data may be due to the fuel oxidation mechanism.
Several studies have shown that the ability of GRI-Mech 3.0 in pre-
dicting propane flames, especially for predicting chemiluminescence, is
not satisfactory [12,42]. However, the GP2 mechanism failed to predict
the trend, while the predicted magnitude was still far from the experi-
mental data. Although the combined GRI-Mech 3.0 + OH* sub-
mechanism and CO,('By) sub-mechanism did not fully predict the pro-
pane flame, as shown in Fig. 9, the new CO5('By) sub-mechanism and its
combination with GRI-Mech 3.0 mechanism could be used for predicting
the C02(1B2) for natural gas blend flames.

6. Conclusions

The kinetics of COz(le) formation were studied by combining
modelling and shock tube and opposed jet burner experiments. The
shock tube data were for Hy-NyO-CO-Ar mixtures [16], CH4-Og-Ar
mixture [22] and CaH4-O-Ar mixture [17]. The premixed opposed jet
flame experiment was for equivalence ratio range of 0.6 to 1.3 for CHy-
air flames and 0.7 to 1.4 for CsHg-air flames for strain rate range of 160
to 400 s~ L.

A new COz(le) chemiluminescence mechanism, including the inter-
system crossing reaction and a novel CO(!By) generation path for hy-
drocarbon oxidation, was proposed for the first time. The reaction rate
constant of CO + 0O + M = C02(3B2) + M (R1) was determined within 4
60% uncertainty based on available experimental data for Hy-N»O-CO-
Ar mixtures as:

ki =1 x 10'2 exp(-10 / RT) cm® mol? s, KJ mol L.

The reaction rate constant of CH + Oy = COz(lBg) + H (R3) was
determined within + 32% uncertainty based on the CH4-O2-Ar mixture
shock tube experimental data and CO5(*B,)/0OH* chemiluminescent
intensity ratio data in premixed CHy4 flames as:

ks = 8 x 10'° cm® mol ! s7L.

This novel COZ(IBZ) chemiluminescence mechanism performs much
better in predicting CO4('B,) chemiluminescence behaviour for Hy-N5O-
CO-Ar mixtures, CH4-O2-Ar mixture and CoHy-Oo-Ar mixture than pre-
vious mechanisms. Further assessment was conducted by adopting the
COg(le)/OH* chemiluminescent intensity ratio in premixed CH4 and
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20— : :
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Fig. 8. Normalized peak intensity for CO5(*Bs) from experiments [22] compared to mechanism predictions for CH, based mixture at low and elevated pressures. The

data and predictions are plotted as a function of their initial temperature.
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Fig. 9. CO('B,)/OH* chemiluminescent intensity ratios for CHy-air and CsHg-air flames as a function of equivalence ratio. The error bars refer to the upper and
lower limit of the data for different strain rates. The data are plotted in semi logarithmic coordinate.

CsHg opposed jet flames as a stricter criterion. The new model along
with GRI-Mech 3.0 can provide very good prediction of the CO5('By)/
OH* chemiluminescent intensity ratio for CHy-air flames and fair pre-
diction for C3Hg-air flames.
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