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Abstract Chemiluminescence experiments have been per-
formed to assess the state of current COj kinetics mod-
eling. The difficulty with modeling CO3 lies in its broad
emission spectrum, making it a challenge to isolate it from
background emission of species such as CH* and CH,O*.
Experiments were performed in a mixture of 0.0005H, +
0.0IN20+0.03CO +0.9595Ar in an attempt to isolate CO3
emission. Temperatures ranged from 1654 K to 2221 K at
two average pressures, 1.4 and 10.4 atm. The unique time
histories of the various chemiluminescence species in the
unconventional mixture employed at these conditions allow
for easy identification of the CO3 concentration. Two differ-
ent wavelengths to capture CO; were used; one optical filter
was centered at 415 nm and the other at 458 nm. The use
of these two different wavelengths was done to verify that
broadband CO3 was in fact being captured, and not emis-
sion from other species such as CH* and CH,O*. As a base-
line for time history and peak magnitude comparison, OH*
emission was captured at 307 nm simultaneously with the
two COj filters. The results from the two COj filters were
consistent with each other, implying that indeed the same
species (i.e., CO3) was being measured at both wavelengths.
A first-generation kinetics model for CO3 and CH,O* was
developed, since no comprehensively validated one exists
to date. CH,O* and CH* were ruled out as being present
in the experiments at any measurable level, based on cal-
culations and comparisons with the data. Agreement with
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the CO3 model was only fair, which necessitates future im-
provements for a better understanding of CO3 chemilumi-
nescence as well as the kinetics of the ground state species.

1 Introduction

Chemiluminescence measurements play an important role
in gas turbine health monitoring as a simple, cost-effective
optical diagnostic [1]. Sample species include OH*, CH*,
and COj, among others. Shock-tube measurements of these
species can also play a key role in kinetics model validation,
but it is sometimes difficult to isolate certain species in the
hydrocarbon system due to a broadband background in the
hydrocarbon chemiluminescence spectrum, shown in Fig. 1.
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Fig.1 Recreation of chemiluminescence spectrum showing the broad-
band background of the hydrocarbon chemiluminescence from CO3,
HCO*, and CH,O*, based on work from [2, 3, 5, 6, 14]. Note that this
portion does not cover the entire range of CO; emission as suggested
by [14]
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In most gas turbine applications, CO} is believed to be
the main species contributing to the background chemilu-
minescence, reproduced in part in Fig. 1, which emits light
from approximately 340 nm to 650 nm [4], unlike other im-
portant excited-state species such as OH* and CH*, which
exhibit distinct spectroscopic features. On the other hand,
other studies often contribute the background emission over
much the same wavelength region to chemiluminescence
from CH,O* and HCO*, also depicted approximately in
Fig. 1. Although several works have studied CO} chemistry
[4-13], a detailed reaction mechanism for the formation and
destruction of COj does not exist, and arguably COj chem-
ical kinetics are not as well studied as OH* and CH* kinet-
ics. Therefore the primary focus of the present study was to
verify specific wavelengths that isolate the CO; chemilumi-
nescence, develop a working chemical kinetics mechanism
for CO}, and compare this mechanism to new shock-tube
results.

This broadband background has been a subject of sev-
eral studies [4, 14-17], including one in which Dean et al.
[18] employed H2/N, O/CO/Ar mixtures to measure the rate
constant of the reaction H + N>,O = N, + OH*. As Fig. 2
shows, the predicted time histories of the various chemilu-
minescence species in their mixture show very unique char-
acteristics, making it an ideal vehicle to zero in on a partic-
ular species, such as CO3, to study its behaviors and learn
more about its broadband characteristics. For example, the
peak concentrations of OH*, COj, and CH,O* occur at no-
ticeably different times; and the shapes of the profiles are
rather wide and can have more than one feature, as in OH*
and CO3. In addition to the unique time histories, the Dean
et al. mixture of 0.0005H; +0.01N,O+0.03CO+0.9595Ar
is also ideal because (using the model presented below) the
COj concentration at the conditions of the present study is
predicted to be about six orders of magnitude larger than the
concentration of both HCO* and CH,O*, making it highly

1.2 0.0005H, +0.01N,O + 0.03CO + 0.9595Ar
1938 K, 1.5 atm
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Fig. 2 Model predictions for various chemiluminescence species in

0.0005H; + 0.01N2O + 0.03CO + 0.9595Ar at 1938 K and 1.5 atm.
This mixture is based on the mixture first used by Dean et al. [18]
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unlikely that photons from the latter two species could be de-
tected, thus isolating CO3. Note that the profiles in Fig. 2 are
a result of the first-generation CO3 and CH,O* mechanism
which is discussed in further detail later on, but presented
here to illustrate the reasoning for selecting this particular
mixture.

Presented in this paper is first a description of the exper-
imental setup, followed by a brief discussion of the kinetics
modeling. The experimental results in the form of normal-
ized peak values, time histories, and characteristic times are
presented and discussed, along with corresponding compar-
isons to the kinetics model.

2 Experimental setup

The experiments for this work were performed in a stain-
less steel shock-tube facility at Texas A&M University. The
driven section length and internal diameter are 4.72 m and
15.24 cm, respectively. The driver section is 2.46 m in length
with a 7.62-cm internal diameter. Further details on this
shock tube can be found in the work of Aul [19]. Standard
1-D shock relations were used to determine the test con-
ditions behind the reflected shock wave. Five PCB-P113A
pressure transducers mounted flush with the inner surface of
the driven section of the shock tube were used to calculate
the incident-shock velocity using four Fluke PM 6666 time-
interval counters. The final shock velocity was then extrapo-
lated to the endwall location. Uncertainty in temperature us-
ing this method is below 10 K [20]. High-purity gases (H»,
Ar—99.999 %, CO—99.9 %, N2O—99.5 %) were used to
manometrically prepare the mixtures in a stainless steel mix-
ing tank equipped with a perforated stinger along the center
of the tank to allow for rapid, turbulent mixing. The mixture
utilized for all experiments was the one mentioned above,
0.0005H2 + 0.01N20 + 0.03CO + 0.9595Ar.

Chemiluminescence light emission was collected simul-
taneously through two sapphire windows located 1.6 cm
from the endwall at sidewall locations on both sides of the
shock tube. The light from each side then passed through
optical filters housed in a custom-made enclosure outside of
Hamamatsu 1P21 photomultiplier tubes (PMT), capturing
the emission from each test. The dual optical setup allowed
for simultaneous emission measurements using two differ-
ent optical filters. To compare the signals from the two CO3
wavelengths, each experimental condition was run twice:
once with a 415-nm and a 307-nm optical filter on either side
of the shock tube, and then with a 458-nm and a 307-nm op-
tical filter on either side of the shock tube. This method was
chosen so that the OH* chemiluminescence (307 nm) could
serve as an anchor for comparing the signals from the two
COj optical filters (415 and 458 nm). Constant optical set-
tings within each experimental set were maintained to allow
for direct comparison of the emission profiles from test to
test.
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3 Chemical kinetics modeling

The baseline mechanism used in this work was from the re-
cent work of Levacque et al. [21], which incorporates the
H>—O; chemistry from the National University of Ireland,
Galway (NUIG) [22, 23] as well as the OH* sub-mechanism
from Hall and Petersen [24, 25]. Although there are sev-
eral other validated ground state mechanisms for the Hy—
O, system, the NUIG C4 mechanism was ultimately chosen
because it has shown better agreement over a wider range
of mixtures, temperatures, and pressures and has been vali-
dated using data from the authors over the last several years.

The mechanism for CO; was produced in three steps.
First, thermodynamic calculations were done to identify all
the reactions that were energetic enough to produce CO3.
For every reaction containing CO», the heat of reaction (Hgr)
was calculated. This heat of reaction was then compared to
the energy difference A E between CO; and CO%, which can
be calculated using the following relation:

in which the heat of reaction exceeded the energy differ-
ence between CO; and CO; were then identified as ener-
getic enough to produce CO3.

Once the most likely reactions were identified, their Ar-
rhenius rate coefficients were chosen to be the same as those
from their corresponding ground state reactions. The rate co-
efficients were taken from the GRI 3.0 mechanism; as shown
below, most of the reactions ultimately have little effect on
the CO; formation, so the choice of either the NUIG C4
or GRI 3.0 rates made little difference to the results. In addi-
tion, CO; consumption reactions were included. These reac-
tions and their rates were copied from equivalent reactions
from the OH* consumption reactions from Hall and Petersen
[24, 25] along with their Arrhenius rate coefficients, as a first
approximation. We realize the limitations of such an esti-
mate, which should be improved upon in future studies. The
resulting reaction mechanism for COJ is shown in Table 1.

The last step was to develop new thermodynamic data for
COj. These thermodynamic data are most commonly in the
form of the well-known three (i.e., specific heat, enthalpy,

AE = % N4 (1) and entropy, respectively) following polynomial fits:
Sk

where % is Planck’s constant (6.626 x 10734 J.s), ¢ is the % =ax + ayTr + azi Tk2 + as Tk3 + as Tk4, 2)

speed of light (3 x 108 m/s), A is the wavelength of the R

chemiluminescence transition, and N4 is Avogadro’s num- i = @2k 43k po | G4k 3 95k o4

) A g =ajx + Ty + T + 7 + T,

ber (6.022 x 102 mol~!). Since COj is present at wave- Ty 2 3 4 5

lengths between 340 and 650 nm, an average wavelength + ek , 3)

of 495 nm was used for these calculations. The reactions Ty

Table 1 Reaction mechanism -

for CO. Units are cal, cm, Reaction A B E

mole, sec, and K
Formation reactions
1 CO + O(+M) = COj; (+M) 1.80E+10 0 2384

LOW 1.35E+24 —2.788 4191

Efficiency Factors: Hy 2, O3 6, H,0 6, AR 0.5, CO 1.5, CO, 3.5, CH4 2, CoHg 3, He 0.5
2 CH3CHCO + OH = C,Hs +CO§ 1.17E+12 0 —1010
3 HCO+OﬁCO§ +H 3.00E+13 0 0
4 H+H+CO; =H; + CO; 5.50E+20 -2 0
5 CH; +0; = CO; +H+H 2.64E+12 0 1500
Consumption reactions
6 CO; + AR =CO; + AR 5.20E+10 0.5 0
7 CO; +H;0 = CO; + H;O 5.92E+12 0.5 —861
8 CO; 4+ COy = CO, +COy 2. 75E+12 0.5 —968
9 CO; +CO=C0O,; +CO 3.23E+12 0.5 —787
10 CO; +H=CO;+H 1.50E+12 0.5 0
11 CO; +H; =CO,; +Hy 2.95E+12 0.5 —444
12 CO; + 0, =C0O2+ 0, 2.10E+12 0.5 —482
13 CO; +0=C0,+0 1.50E+12 0.5 0
14 CO; + OH = CO, + OH 1.50E+12 0.5 0
15 CO; + CHy = CO; + CHy 3.36E+12 0.5 —635
16 CO; =COy + hv 1.40E+06 0 0
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Table 2 Reaction mechanism -
for CH,O*. Units are cal, cm, Reaction A B E
mole, sec, and K
Formation reactions
1 HO; + CH; = OH + CH,O* 2.00E+13 0 0
2 OH + CH30 = H,0 + CH,O* 5.00E+12 0 0
3 HCO + H(+M) = CH,0*(+M) 1.09E+12 0.45 —260
LOW 1.35E+24 —2.57 1425
TROE: o = 0.7824, T*** =271, T* = 2755, T** = 6570
Efficiency factors: Hy 2, H,O 6, AR 0.7, CO 1.5, CO» 2, CHy 2, CoHg 3
4 C,H3 4+ O, = HCO + CH,O* 1.70E+-29 —5.312 6503
5 OH + CH; = CH,0* + H 2.00E+13 0 0
6 CH;30 + CH30 = CH30H + CH,0* 6.03E+13 0 0
7 CH30 + CH3 = CH,0* + CHy 1.20E+13 0 0
8 HCO + HCO = CH,0* 4+ CO 1.80E+13 0 0
9 CH30 + H = CH,0* + Hy 2.00E+13 0 0
10 CH3 + OH = CH,0* + H» 8.00E+09 0.5 —1760
11 CH(s) + OH = CH,0* + H 3.00E+13 0 0
12 CH3(s) + CO, = CH,0* + CO 1.40E+13 0 0
13 CHz(s) + H,O = CH,O* + H; 6.82E+10 0.25 —935
Consumption reactions
14 CH,O0* + AR = CH,0 + AR 5.20E+10 0.5 0
15 CH,0O* + H,0 = CH;0 + H,O 5.92E+12 0.5 —86.1
16 CH,0* + CO,; =CH;0 + CO, 2.75E+12 0.5 —96.8
17 CH,0* + CO = CH,0 + CO 3.23E+12 0.5 —78.7
18 CH,O* + H=CH;0 + H 1.50E+12 0.5 0
19 CH,O* + H, = CH,0 + H; 2.95E+12 0.5 —44.4
20 CH,O0* + O, = CH,0 + O, 2.10E+12 0.5 —48.2
21 CH,O0* + O = CH;0 + O 1.50E+12 0.5 0
22 CH,O* + OH = CH;0 + OH 1.50E+12 0.5 0
23 CH,0O* + CH4 =CH,0 + CHy4 3.36E+12 0.5 —63.5
24 CH,O0* = CH;0 + hv 1.40E+4-06 0 0
ﬁ = ay In(Ty) + an T + a3k Tkz + A4k Tka + ask Tk4 was used for finding the low-temperature range coefficient,
R 2 3 4 and 1000 K was used for the high-temperature range co-
+ ag (4)  efficient. After the iterations, a low-temperature range co-

The seven coefficients (aj—7) for each species k are used to
determine their unique thermodynamic properties, ¢, H°,
and $°, normalized by the universal gas constant, R. These
coefficients are specified for two temperature ranges: 300—
1000 K and 1000-5000 K, making up 14 coefficients total.
For CO3, it was assumed that its entropy and constant
pressure specific heat were the same as for ground state
CO,. Making this assumption, ag was the only coefficient
that needed to be calculated for both temperature ranges.
First, the enthalpy of formation for CO; (AHs,co,) was cal-
culated by adding the energy difference between CO; and
COj (from Eq. (1)) to the enthalpy of ground state CO,.
Then ag for each temperature range was calculated by iter-
atively changing the coefficient until the calculated H°/RT
from Eq. (3) equaled AHf,co,/RT. A temperature of 300 K
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efficient of —3.74 x 10®> was determined, and the high-
temperature range coefficient was —1.03 x 103. The remain-
ing thermodynamic coefficients used for CO; were the same
as those for CO,.

The mechanism for CH,O* was constructed in the same
fashion as for CO3. For the energy difference between
CH;0 and CH,0*, an average wavelength of 430 nm was
used, as CH,O* is present between about 340 and 520 nm.
The thermodynamic coefficient, ag, for CH,O* was cal-
culated as 1.891 x 10* for the low-temperature range and
1.918x 10* for the high-temperature range. The resulting re-
action mechanism for CH,O* is shown in Table 2.

It should be noted that this methodology does not neces-
sarily provide the final mechanism set, but it offers a start-
ing point from which to improve upon. A sensitivity analy-
sis and rate of production analysis were done for CO; at a
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Fig. 3 CO; rate of production (a) and sensitivity (b), (c¢) analyses at
1938 K and 1.5 atm. (b) shows the top 10 reactions sensitive to CO3
including ground state chemistry, and (c¢) shows the top 4 reactions
exclusive to those containing COj

representative condition of 1938 K and 1.5 atm for the mix-
ture studied in this work, shown in Fig. 3. Reaction numbers
correspond to those listed in Table 1, and “g” represents a
ground state reaction. The main reaction that goes to form-
ing CO; at these conditions is the following:

CO + O(+M) = CO%(+M) (R1)

which is shown in the rate of production analysis (Fig. 3a).
This result is in agreement with Broida and Gaydon [26].
The rate of production analysis also shows that the main re-
actions that go toward depleting CO} are as follows:

CO} + CO = CO, 4 CO (R9)
CO% + Ar = CO; + Ar (R6)
CO% + CO, = CO, + CO,y (R8)

Figure 3b shows that the top ten reactions that are most
sensitive toward forming CO} do not all contain COj as a
reactant or product. For example, the following two reac-
tions, along with (R1) above, have rate coefficients that are
very sensitive to the formation of CO3:

NoO+ME=N+0+M
H+ 0,2 0H+0,

(Rlg)
(R3g)

while the reaction rate of the following reaction is most im-
portant for the removal of CO3:

CO+OH=CO, +H (R2g)

This result indicates that CO3 does in fact depend on
ground state chemistry and not entirely on the chemi-
luminescence sub-mechanism. Similar results have been
observed for other chemiluminescence species such as
OH* [25]. Figure 3c shows the most sensitive reactions
when the ground state chemistry is disregarded, which are
in accordance with the rate of production analysis. Similar
results to those shown in Fig. 3 are seen at higher pressure.
Based on these results, the working mechanism can be re-
fined such that some of the less important reactions can be
removed, and the focus can move toward improving the re-
action rates of the more important reactions, such as (R1).
Specific comparisons with the new data obtained under the
current study are provided in the following section.

4 Results and discussion

The first objective was to compare the experimental results
from the two COj filters to make sure that they were in fact
both capturing emission from the same molecule. This com-
parison was done by using the OH* profile from each exper-
iment as an anchor for analyzing the CO3 signal, in which
the peak signal from the COJ filter was divided by the peak
signal from the OH* filter for each experiment. To compare
the results from the two experimental sets, these peak lev-
els were normalized to the peak at a common temperature.
Figure 4 presents the peak emission over the range of tem-
perature studied, showing good agreement between the ex-
perimental sets using the 415-nm filter and the 458-nm fil-
ter. This agreement helps to confirm that these two optical
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Fig.5 Peak COj; normalized to common temperature compared with CO3 and CH,O* mechanism predictions for average pressures of (a) 1.4 atm

and (b) 10.4 atm

filters, centered at 415 nm and 458 nm, are both capturing
emission from the same molecule for this mixture. Exper-
imental uncertainty was attributed mostly to the signal-to-
noise ratio from the PMT measurements.

The next objective was to verify that CO3 was in fact
the species being captured in the experiment and not an-
other background species such as CH,O*. Model compar-
isons were made for both pressure sets and are shown in
Fig. 5. The peak from each experimental set was normal-
ized to a common temperature for that set to allow for com-
parison within the two sets and with the chemical kinetics
model. As seen in Fig. 5, the CO3 model results agree best
with the experiment. Therefore, CH,O* was ruled out as be-
ing a possible background species in this mixture, at least at
the two wavelengths utilized (Fig. 8 discussed below also
confirms this). Calculations for CH* were also made, but it
too was ruled out since its peak magnitude was around ten
orders of magnitude less than CO3, so it is unlikely that the
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experimental setup employed herein could even capture any
CH* at these conditions. Also, as mentioned above, the peak
magnitude of CH,O* is predicted to be around six orders of
magnitude less than that of CO3, further verifying that any
contributions of it to the measured signals can be ruled out.

Figure 6 shows the same data as Fig. 5, but with only
the CO3 model predictions, to better emphasize the compar-
ison between model and experiment. As shown, the present
model overpredicts the peak CO3 in both cases, more so for
the 1-atm case. However, it does seem to capture the general
trend with temperature for the 10.4-atm case.

Agreement between the two CO3 filters is ever further
verified in the time histories of the emission profiles, shown
in Fig. 7. For each experimental set, the normalized traces
for both species, OH* and CO?3, lie directly on top of each
other, as shown in these representative cases; the results at
the other measured temperatures were similar. Also shown
in Fig. 7 are the normalized OH* and CO3 mole fractions
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Fig. 6 Peak CO} normalized to common temperature compared with CO; mechanism predictions for average pressures of (a) 1.4 atm and

(b) 10.4 atm

from the mechanism described above, compared to the mea-
surements. Agreement between experiment and model is not
perfect, but the mechanism does pick up some of the sub-
tle features in both the OH* and the COJ species profiles,
like in (a)—(c) of Fig. 7. The exact timing or shape may not
agree, but the fact that the mechanism does pick up on some
of these subtleties is promising. It should also be noted that
all model results were anchored to the peak OH* to allow
for timing comparisons between the two species; that is, the
CO3 and OH* profiles from the model predictions were both
time shifted such that the OH* peak from the mechanism
matched the OH* peak from the experiment. In this way,
the predicted shape of the time history profile is emphasized
independently from the model’s prediction of the ignition
delay time for each experiment.

Figure 8 shows predictions of the two working mecha-
nisms for CO3 and CH,O* compared to the time history of
the experiment from one of the COj filters for a represen-
tative case at both pressures. Only one of the CO; filters
is shown here since both COJ filters were shown to pro-
duce the same result (Fig. 7). As Fig. 8 shows, the agree-
ment is noticeably better with the CO}; mechanism. It should
be noted that the time shift for both CO; and CH,;O™ is in
accordance with Fig. 7. At lower pressures (Fig. 8a), the
CO3 mechanism picks up the features of the experimental
profile better than the CH,O* mechanism, as seen in the
height of the first rise relative to the peak. At higher pres-
sures (Fig. 8b), the model predicts CH,O* to occur much
later than CO;, and the experiment does not show the in-
cipient rise seen in the CH,O* prediction. This difference
in timing between CO’Z‘ and CH,O*, in conjunction with
the peak magnitude comparisons (Fig. 5), further confirms
that CH,O* can be neglected at these conditions and that
the species being measured at the two chosen wavelengths
is COj.

To further test the working CO3 mechanism, the time-to-
peak, 7, was determined from the experiment for both OH*
and CO3 and compared to the model. Note that a time-to-
peak is probably a better marker for the time dependence
than an ignition delay time for the rather exotic mixture
used in the present study; the latter is difficult to define from
the OH* and COj time histories. Figure 9 shows the results
on Arrhenius-type plots that give the time-to-peak on a log
scale as a function of inverse temperature for average pres-
sures of (a) 1.4 atm and (b) 10.4 atm. In general, the model
underpredicts 7,, more so for COJ at 10.4 atm. This type of
analysis can provide further insight into improvements to the
ground state mechanism; note that changes to the chemilu-
minescence sub-mechanisms (Tables 1 and 2) have virtually
no effect on the time-to-peak, so such information can be
used for improving the H,-CO-NO, chemistry in the base-
line mechanism. It should also be noted that the results in
Fig. 9 from the two experimental sets (indicated by closed
and open symbols) show good agreement, further confirm-
ing that the same species are being measured at both wave-
lengths.

Slack and Grillo [7] suggested a rate for (R1), which
is compared with the experimental results and the work-
ing CO; mechanism from the present paper in Figs. 10
and 11. Also shown is the product of CO and O concen-
tration, [CO][O], which has been shown to be proportional
to CO; chemiluminescence [14]. In Fig. 10, the product of
[CO] and [O] shows very good agreement with the data,
while the rate from [7] overpredicts the peak for both pres-
sure sets, more so than the working CO; mechanism in this
study. There is little noticeable difference in the time his-
tory of COj3 (Fig. 11), further verifying that the CO} sub-
mechanism is more influential on the peak CO} magnitude,
and overall time history is more dependent on the ground
state mechanism.

@ Springer
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Fig. 7 Normalized OH* and CO} experimental profiles compared with model results for low, medium, and high temperature at (a)—(c) low

pressure and (d)—(f) high pressure

5 Conclusions and future work

Shock-tube experiments were performed in Hy/N> O/CO/Ar
mixtures at low and elevated pressures to assess the abil-
ity of a first-generation CO; mechanism to predict mea-
sured trends. Two experimental sets were performed using a
dual optical setup which measured chemiluminescence from
OH* as the baseline compared with the emission through

@ Springer

two different CO; filters, one centered at 415 nm and one
at 458 nm. The results of these experiments confirmed that
both filters were in fact capturing the same COj signal,
which was then compared to the model predictions.

A working mechanism for CO; and CH,O* was pro-
duced and compared with the experimental results, which
ruled out CH,O* as being present at measurable levels at
these conditions. More extensive comparisons were then
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made for COj in terms of species time histories, the temper-
ature dependence of peak CO3 magnitude, and time-to-peak
formation. The mechanism tended to underpredict time-to-

peak for both CO3 and OH*. The time history comparisons
showed that the mechanism does pick up on some of the
subtle features in the species profiles, however agreement is
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not perfect, and improvements to the mechanism can still
be made in that regard. The model also overpredicts peak
COj for both pressure sets and fails to capture the trend
with temperature at low pressures. This problem in predict-
ing the peak intensity will most likely require changes to the
CO; sub-mechanism, and not the overall baseline mecha-
nism, which has more influence on the time history shape of
the species rather than the peak magnitude.

Ongoing work is being conducted on the mechanism of
Levacque et al. [21], which could lead to better agreement
in species time histories and time-to-peak. Further improve-
ments to the CO3 sub-mechanism are also underway to ad-
dress the peak magnitude disagreements.
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