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This study initiates the gradual upgrade of the DLR reaction database. The upgrade plan has
two main steps: an optimisation of the C;-C, oxidation chemistry and a revision of the
polyaromatic hydrocarbon (PAH) formation sub-mechanism based thereupon. The present
paper reports the main principles applied to model improvements and results obtained for the
acetylene (C,H,) oxidation sub-mechanisms. The principle acetylene oxidation reactions have
been revised as well as the detailed chemistry of important intermediates, i.e. methylene,
ethynyl, vinylperoxy radical and also diacetylene, vinylacetylene and higher diacetylenes,
important for PAH formation. The uncertainty intervals of the studied reactions were
statistically evaluated, providing general bounds for the performed modifications to reaction
rate coefficients. The first stage of the presented update was performed through revision of the
thermochemical data and model optimisation on ignition delay data and laminar flame speed
data, since they exhibit lower uncertainty in comparison to species profile data. The final
model optimization was obtained through simulations of concentration profiles measured in
shock tubes and laminar flames for improvement of the reaction paths and rate coefficients
related to acetylene pyrolysis and PAH precursor formation. Approximately 500 data points
were analysed. The updated reaction mechanism predicts all simulated experimental data, also
not included in the optimisation loop data prom plug flow and jet-stirred reactors, either with
good or satisfactory agreement. It was found that the vinylperoxy radical formation and
consumption dictate the reaction progress at low temperatures. The performed study clearly
determined that acetylene combustion proceeds through the strongly coupled reaction paths of
fuel oxidation and PAH precursor formation; the same species are involved in these parallel
processes. Therefore, the self-consistent reaction model for acetylene combustion could be
obtained only by an optimisation performed on the experimental dataset encompassing both
processes.
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1. Introduction

The progress of combustion chemistry necessitates revision of combustion models from time
to time as new understanding and experimental and numerical tools emerge. This improves
the reaction models of hydrocarbons for which new data were obtained and also for the
connected sub-models, primarily for sub-models of pollution formation in combustion
processes. Soot formation and growth is one of the most critical problems in combustion
simulation due to the high level of the uncertainty of Kkinetic rate parameters, thermo- and
transport data related to both the soot growth models and to the gas-phase formation of the
soot precursors, i.e. polyaromatic hydrocarbons (PAH). Growth of the PAH molecules is
initiated with reactions of small radicals (H, OH, CH3, C;H, C;H3, H,CCCH, C3H4, C4H,
H,CCCCH, C4Hs, CsHs) and molecules (C,H,, C4H,, C4H4) involved also in the fuel
oxidation channels. Therefore the uncertainty of the C;-C4 oxidation kinetics will propagate in
the uncertainty of the PAH sub-mechanism.

The reaction model for PAH formation and growth developed by the authors [1-3] forms the
base of the global reaction database of the DLR Institute of Combustion Technology extended
to the n-hexadecane sub-model. The reaction database has a hierarchical structure and is
developed through continuous improvement, validation and optimisation arising from new,
more accurate understanding. The sub-mechanisms for the individual components can be
used separately and in different combinations producing surrogate models for practical fuels.
Each new block in the database is implemented without disturbing the mechanisms of the
existing sub-models with minimal changes and extensions to the existing sub-mechanisms.

With the present paper we begin publication of results for the C;-C, chemistry update, which
was initiated with the acetylene (C,H;) oxidation sub-mechanisms. The principle objectives of
the present study are: (a) to extend and improve the acetylene reaction sub-mechanisms of the
model [2, 3]; and (b) to elucidate the evolution of the aromatics precursors in the studied
systems and thereby to identify any further improvement potential. The model revision and
extension have been performed on the basis of extensive literature analysis, uncertainty
quantification of reaction rate coefficients and simulation of experimental data for ignition
delay, laminar flame speed and concentration profiles measured in shock tubes, laminar
flames and flow reactors. Special attention was paid to calculation of the kinetic parameter
uncertainty for the most important reactions under the considered conditions. This update
promotes future analysis and treatment of the DLR reaction database with an automated data-
centric infrastructure Process Informatics Model (PrIMe) [4-6] towards to the more and more
actual today “best estimate plus uncertainty (BEUP)” strategy.

Shortcomings in previous implementations (partially caused by mistakes in the used version
of CHEMKIN code [7]) have been identified and corrected.

2. Agenda

The paper is organised as follows: the third section briefly reports the method applied for the
evaluation of rate coefficient uncertainty; the fourth part presents the principle reaction rate
uncertainty analysis further used for experimental target selection and for the C,H, sub-model



extension and update performed first on the ignition delay and laminar flame speed data and
subsequent on the concentration profile data. The final section presents results and discussion.

The present work is supported by the Supplement Materials-1,2,3,4,5 and by the online model
presentation together with the entire experimental data set used for model validation, [8].

3. Uncertainty bounds of the reaction rate parameters

It is not currently feasible to use highly accurate first-principle calculations for each reaction
encountered in the kinetic model: reliable experimental or theoretical thermochemical data is
scarce; the uncertainties of the published reaction rate coefficients are often not available,
even for “small hydrocarbon” chemistry. The reliance on experimental data for model
validation creates an error propagation problem, further increasing overall uncertainty [4,5,9-
12]. To keep the size of the feasible parameter region and to understand the intervals for the
reaction rate coefficient modifications we performed the statistical analysis [13-15] (described
in details in the Supplement-1) of the literature data.

The standard deviations of the Arrhenius expression parameters A, n, and E, ,

k(T) = AT™exp(—E,/T) , (cm*, s, mole, K) (1)

calculated in the applied method, determine the margin, Ak(T), of the rate-coefficient error.
The uncertainty factor, f (T ), is used to determine the uncertainty level for k(T):
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where k, is the nominal rate coefficient andk,,, and k., are the lower and upper bounds,
respectively.

The statistical treatment of the rate coefficients is complicated by the limited amount of
available data, but if several datasets are present the simple analysis of uncertainty k based on
the least-squares regression can be done (Supplement-1). The so obtained Arrhenius
parameters give the mean, or nominal, values of the coefficients ko, which on its own is not so
interesting for the content of this paper, and also useful statistical information. Parameter
errors, s(x,), eq. (51-6, Supplement-1), describe the confidence level of the rate coefficient
parameters and can be further used for calculation of:

Kiow(T) = (A — s(A)T=Mexp(— (E, + s(Eo))/T), 3)
kupper(T) = (A + S(A))T(n+s(n))exp(_ (Ea - S(Ea))/T) (4)

and finally for an evaluation of the uncertainty factors, eq. (2).



4. C,H; kinetical sub-model update: Model-1.

The C,H, chemistry of [1-3] originated mostly from the Leeds mechanism [16], which was
chosen in [1] for the PAH sub-model construction as a model with a minimal set of fitted
data. The actual H,/CO chemistry of the studied model is described in detail in [6] and the
mechanism for the methane sub-model can be found in [8].

Several chemical-kinetic mechanisms for acetylene oxidation are available in the literature
[17-28]. These studies highlight advancing knowledge in acetylene oxidation and pyrolysis,
summarised in the general scheme shown in Fig.1 and adopted herein as a skeletal model for
further development.

The available reaction rate parameters of acetylene oxidation chemistry are still fragmented
and do not cover the full range of pressures and temperatures relevant to practical flames.
Most of them were obtained either from a fitting procedure based on experimental
observations in flames, shock tubes and flow reactors. A smaller sample of reaction rate
coefficients is obtained from “direct” experiments, which, generally, are only nominally direct
and from quantum-chemical calculations, which are generally dependent on theoretical
assumptions [27, 29].

The model revision and modification began with a review and justification of the reaction rate
coefficient sources with respect to the main reactions of the oxidation model, Figure 1.

The uncertainty bounds, f, and f;, were calculated from k_,and k

ow wppers €Valuated using the
numerical method of [13], Suplement-1. The approximations have been performed for all 3
parameters in the Arrhenius equation, eg. (1), if more than 3 literature sources for rate
coefficients have been found and for 2 parameters (A and E,) for a minimal dataset, i.e. 3
literature sources. If uncertainties of the literature data were available, they have been taken in
the analysis and assigned to the weights, w;, of observations. If not, an error equal to 50% was
initially assigned to the rate coefficient. Further in the treatment process, such values were

reduced or increased accordingly.

4.1. Overview of the major initial reactions

The C;H; interaction with O, is one of the dominant initiation steps (mostly at high
temperature) proceeding through 3 possible channels (R1a-c) adopted in the present model:

C,H7+0,—CH,0+CO (Rla)
—CH+HO, (R1b)
—HCCO+OH (R1c)

Besides (Rla-c), four other paths, C,H,+O,<2HCO, C;,H;+0,<H+CO+HCO,
C,Hy+02CH2+CO; and C,H,+0,-CH,0C+0, are also described in the literature [26-29].
However, there is significant disagreement concerning product channels, key steps, reaction
rates and branching ratios for these oxygen addition reaction channels [27]. The only channel



yielding HCCO+OH, (R1c), highly important for acetylene oxidation, was newly introduced
in the model with the rate constant adopted from the mechanism of Miller and Melius [32].
The rate constant for the overall reaction C,H,+O,«<>products obtained by Laskin and Wang
[30] with RRKM calculations has been assigned to channel (R1a), identified as favoured in
[30]. The recommendation of Tsang and Hampson [33] was used for the (R1b) channel. The
available information does not allow application of statistical methods to evaluate the
uncertainty bounds for (R1a)-(R1c). The uncertainty factor of 1 proposed by Tsang and
Hampson [33] for (R1b) has also been assigned to (R1a) and (R1c).

The other major initial stages of acetylene oxidation, (R2-R5) have been analysed and their
reaction rate coefficients uncertainties have been evaluated, Tablel, and Supplement-2.

As shown in Table 1 and Figures S2-1, the literature data is highly scattered for most studied
reactions, leading to high uncertainty factors between 0.9 and 4.8, depending on temperature.
Basically, f,(T) and fi(T) have the lowest values for the more widely investigated temperature
intervals. The correlation coefficients for the Arrhenius parameters, eq. (1), calculated with
egs. (S10 andS11, Supplement-1) lay in the range 0.90-0.99 for all investigated reaction rate
coefficients.

The reaction schemes of acetylene oxidation, shown in Figure 1, and most important
mechanism extensions and modifications described above and in the Supplement-2, have been
implemented in Model-1 as the first step of the DLR mechanism optimisation.

In comparison to oxygen addition, the reaction between acetylene and the hydroxide radical
has been extensively investigated experimentally and theoretically. The analysis of numerous
previous studies can be found in the work of Senosiain et al. [34]. The possible channels of
the reaction between OH and C;H; have been investigated in [21, 23, 30-38].

Liu et al. [35] experimentally investigated the overall reaction C,H, + OH, without
distinguishing the separate channels, at 1 atm in an argon buffer gas from 333 to 1273 K using
the pulse radiolysis technique. Using a molecular-beam sampling technique, Vandooren and
Van Tiggelen [36] evaluated rate coefficients for (R2b) and (R2c) from the study of the flame
structure of a low-pressure lean and stoichiometric C,H,/O, burning mixture. Woods and
Haynes [37] modified the rate coefficient for (R2b) evaluated in [32] through modelling of
their experimental data for concentration profiles measured in premixed fuel-rich ethylene/air
flames. They evaluated the error of this model as + 30%.

Miller and Melius [38] calculated rate coefficients for (R2a)-(R2c) using BAC-MP4 and the
addition reaction channel C,H,+OH—HOC,H+H using potential-surface parameters and
statistical-theoretical methods. The rate coefficient for (R2a) was also evaluated in the review
of Tsang and Hampson [33] with an uncertainty factor 1. Lindstedt and Skevis [21] assigned
the rate coefficient evaluated in [38] for the channel C,H,+OH+<HOC,;H+H to the channel
(R2Db). Senosiain et al. [34] calculated rate coefficients for 5 different reaction channels of the
C,H,+OH reaction using the RQCISD(T) method for a wide range of temperatures and
pressures. These calculated values were adopted in the present model for (R2a)-(R2c) without
significant loss of accuracy or general applicability of the reaction mechanism. The channels
(R2b) and (R2c) are new additions to the model. The uncertainty bounds for the adopted



values have been estimated using data proposed in the studies [31-35, 38], see Figure 2. The
graphics for all other investigated reaction rate coefficients can be found in Supplement 2,
Figure S2-1. The intervals for obtained minimal and maximal values of f,(T) and fi(T) and the
corresponding input parameters are summarised in Table 1.

Table 1. Uncertainty factors calculated from literature sources for major initial stages of acetylene

oxidation. k(T) = AT"exp(— E,/T). Values adopted for Model-1 are printed in italics.

K, cm,s, mole, K Data
. Re , 19 ' fu(T) and
Reaction A ATK A n | E. | Ermon (f|()T)
Y%
(R2a) | CoH,tOH—C,H + H,0 [38] | 1000-2500 | 3.37E+07 |20 | 7056 |50 1.42-1.69
[34] | 500-2500 260E+06 |24 |8586 |50
[33] | 300-2500 1.45E+04 |27 |6060 |50
(R2b) | C,H, + OH <>CH, + CO [38] | 500-2500 | 4.83E-04 |40 |-1000 |50 2.59-5.00
[34] | 500-2500 123E+09 |0.73 | 1298 |50
[36] | 650-1100 550E+13 | 0.0 | 6905 |50
(R2c) | C,H, + OH ->CH,CO+H [21] | 1180-2200 | 3.79E+06 | 1.7 | 503 50 2.46-4.10
[22] | 1000-2500 | 1.90E+07 |17 | 505 50
[38] | 500-2500 | 497E-17 |45 | -504 |50
[36] | 570-850 320E+11 |00 |101 50
[37] | 1640-1950 | 1.10E+13 |00 | 3614 |50
[34] | 500-2500 753E+06 |16 | 1060 |50
(R3a) | C,H, + O < CH, + CO [39] | 300-2500 217E+06 |21 | 790 50 154-1.81
[40] | 850-1950 723E+05 |21 | 787 50
[41] | 850-1950 6.12E+06 |20 | 958 50
[42] | 1500-2500 | 1.60E+14 |00 | 4987 |50
[43] | 200-2500 235E+08 | 1.4 | 1110 |50
[20] | 1000-2000 | 2.08E+14 [0.0 | 4990 |50
[44] | 300-2000 | 4.10E+08 |15 | 843 50
[36] | 300-1430 6.70E+13 |00 |2016 |50
[45] | 200-2000 7.40E+08 |13 |1236 |50
[46] | 1500-2570 | 1.20E+14 |00 | 3300 |50
(R3b) | C,H, + O -HCCOH [40] | 850-1950 578E+06 |21 | 787 50 1.28-1.70
[41] | 195-2500 1.43E+07 |20 | 958 50
[42] | 1500-2500 | 400E+14 |00 |5372 |50
[43] | 200-2500 9.40E+08 |14 |1110 |50
[20] | 10002000 |5.20E+14 |00 |5393 |50
[45] | 200-2000 296E+09 |13 |1236 |50
[21] | 195-2500 6.30E+06 |21 | 787 50
(R30) | C;H, + O —C,H + OH [47] | 500-2500 | 4.60E+19 | -1.4 | 14485 |50 252-2.74
[32] | 500-2500 3.16E+15 |-0.6 |7560 |50
[48] | 500-2500 3.00E+14 |00 |12600 |50
(R4 | CH+HH(*M) —C,Hy(+M), K. | [33] | 200-2000 1.80E+13 |00 |00 50 2.00-25
[47] | 300-2500 1.00E+17 |-1.0 |00 50
[49] | 200-2000 224E+13 | 032 |00 50
(R5) | CoH, tH(+M)>CoHy(+M), ko | [16] | 200-400 843E+12 | 0.0 | 1300 |50 0.76-1.93
[50] | 300-2000 1.71E+10 | 127 |1354 |50
[44] | 300-500 560E+12 |00 |1200 |50
[43] | 200-2000 554E+08 | 1.64 | 1055 |50
[51] | 200-3000 361E+10 | 1.09 |1328 |50
[52] | 193-1600 | 4.40E+08 | 1.75 | 1222 |50




4.2. Model-1 validation and improvement of ignition delay time and laminar flame
speed data

Model-1 is the first extension and modification of previous reaction mechanism [3],
performed to describe the acetylene oxidation as it is shown in Figure 1, and was described in
section 4.1 and in Supplement-2. Model-1 was tested against ignition delay time and laminar
flame speed data [20, 26, 51-59], Table 2. The Chemkin package [7] and Chemical Work
Bench software [62] have been used to simulate the experimental targets.

The first simulations revealed the progress in reproducing the ignition delay experimental data
in comparison with simulations using the previous model [3]; the least-squares residual was
reduced from 1.06E-03 to 7.91E-05, Figure S2-7. The major improvement in agreement
between Model-1 and experiments is attributed to simulations of the shock-tube data of
Fournet et al. [55]. The biggest disagreement (overprediction) with experimental data was
obtained for ignition delay at lower, T < 1200K, temperatures [53, 55].

Both models, [3] and Model-1, exhibit high disagreement in both the values and overall trends
(overprediction) of laminar flame speed for rich flames, at ¢ > 1.2.

Experimental targets for Model-1 improvement.

Model improvement through modifications in the reaction rate coefficients has been
completed using select experimental targets, based on a comparison of the normalised
integrated sensitivity coefficients, S;;, of ignition delay times and laminar flame speeds, the
reaction rate uncertainties (collected in Table 1) and experimental errors, .

The sensitivity coefficients of all experimental data used for model validation were calculated
as a response of the model output & {** to the perturbation in pre-exponentials, & 7*", in the

Arrhenius reaction rate expression, eq. (1), Sy;= & 7**/87*". The perturbations in the pre-

exponentials were chosen to equal the maximum uncertainty of the studied rate coefficients,
Table 1.

Table 2. Experimental ignition delay time and laminar flame speed data used for model improvement.

Authors Ignition delay Laminar flame speed
Shock tube Counterflow flame Spherical flame

Rickard et al. [53] C,H,/O,/Ar
T5=1098-2319 K,
ps=1 bar,
¢=0.5-0.53

Eiteneer and Frenklach C,H,/O,/Ar
[26] Ts=1151-2132 K,
ps=1-1.9 bar, ¢=0.0625-1.4

Hidaka et al. [20] C,H,/O,/Ar
T5=1055-1629 K,
ps=1.1-2.1 bar, ¢=0.49-2.0

Fournet et al. [55] C,H,/0,/Ar

Ts=1011-1381 K,
ps=8.5-10.0 bar, 9=0.3125-
0.625

Egolfopoulous et al. [56] C,Hy/air, Ty= 298K
p=1 bar, ¢=0.6-1.8




Authors Ignition delay Laminar flame speed
Shock tube Counterflow flame Spherical flame
Park et al. [58] C2H2/ 02/ N2
To=298K
p=1 bar, ¢=0.7-1.7
Jomaas et al. [57] CoHy/air, Tp=298K
p=1,2 bar, ¢=0.7-2.0
Ravi et al., [59] C,Ho/air, Ty=298K
po=1-2 bar, ¢=0.6-2.0
Shen at al., [60] C,Hy/air, Ty=298K
p=1bar, ¢=0.6-2.0
p=1-20 bar, =0.8; 1.6
Rokni et al., [61] C,H,fair, Ty=298K
p=1, ¢=0.6-2.0

The measured data have been used for rate coefficient improvement if & 9%, obtained

through the parameter perturbation (6}"”), was higher than the experimental error, i.e. ¢ <

5 ¢4, By dividing both sides of this inequality with &

par
J
experimental target, E,, for reaction rate improvement was obtained:

, the criterion for applicability of an

Sij = Eap, Eqp = /87 (5)

This condition alone is insufficient for selection of an experimental target suited to model
improvement; S;; must have a relatively high value compared to other coefficients.

An example of a comparison between S;; and E,,, obtained for reaction (R2b) is demonstrated
in Figure 2. The other comparisons can be found in Fig. S2-2. It can be seen that reaction
(R2Db), with the highest rate coefficient uncertainty, has a large number of experimental targets
applicable for reaction rate improvement, Fig. 2. But, the investigated processes have very
low sensitivity to (R2b), such that only the select few experimental datasets having the largest
S;; can be used for optimisation of k).

The experimental errors, ¢, for shock tube measurements were evaluated from the empirical
rules described in [6].

In this way, applying criterion eq. (5), the ignition delay targets appropriated for the Model-1
improvement were reduced from 259 to 125 and combined with three laminar flame speed
datasets measured for conditions p = 1 atm, To=298 K and ¢ = 0.6, 1.4 and 2.0.

Optimisation of rate coefficients

The reaction rate coefficients to be optimised were identified from the sensitivity and rate-of-
production analysis performed for ignition delay times and laminar flame speed data
calculated during the modelling of experimental data under different operating conditions
with varied agreement between measured data and simulations. The aim of model analysis
was to explain and improve a) the faster predictions of ignition delay times at T > 1700K; b)
the slower one at T < 1200K; and c) the overprediction of laminar flame speed at ¢ > 1.2.
Reactions with both high sensitivities and high accuracy of rate coefficients, H+O,<—0O+OH,



HCO+M—H+CO +M and CO+OH«CO,+H, HCO+H«H,+CO, were maintained at the rate
values adopted in the model.

Figure S2-3, Supplement-2, provides analyses performed for ignition delay data. Sensitivity
coefficients of atmospheric laminar flame speed at ¢ = 0.6, 1.4 and 2.0 are shown in Figure 3.
It can be observed in Figures S2-3, that for all simulated targets the same reaction pool
influences the ignition delay time in the same manner, either promoting or suppressing the
ignition, and is also important for laminar flame speed modelling, Fig.3. As expected,
reactions (R3a,b,c) and (R4a,b,c) have the greatest impact on the oxidation process.

High-temperature ignition

High-temperature ignition, Ts>1200K, was mainly sensitive, Fig. S2-3, to the newly adopted
initiation channel:

C,H»+0, « HCCO+OH. (RlC)

It was concluded that the value used in the mechanism Miller and Melius [32] for this channel
should be considered as the overall reaction rate for all possible channels (R1a,b,c). The pre-
exponential factor of k,. from [32] was decreased through the model optimisation by factor of
10. Figure S2-8 demonstrates the final brunching ratios for (R1a,b,c). That resulted to the
better describing the high-temperature ignition delay data. The following reactions of oxygen
with ketenyl produced in (R1c) and the subsequently formed formyl radicals were
consequently revised:

HCCO+0,=C0,+CO+H (R6a)
HCCO+0,=HCO+CO+0 (R6b)
HCCO+0,=2CO+OH (R6c)
HCO+0,=0H+CO; (R7a)
HCO+0,=HO,+CO (R7b)

The rate coefficients for (R6a,b,c) predicted with trajectory and master equation simulations
by Klippenstein et al. [63] were finally adopted. For all temperatures considered in [63] (300
2500 K) the dominant products were CO,+CO+H, independent of pressure up to 100 atm.
Calculations [63] also predict minor branching to OCHCO +0O and 2CO+OH.

The branching ratio for reactions of the formyl radical with oxygen (R7a,b), k;,/ (ks +
k-4), was finally modified in accordance with comments provided in [43] and assumed as 0.9.
Finally, the possible influence of H,CC and HOCO radicals on the high-temperature ignition
modelling has been carried out. Performed simulations and kinetic analysis showed that these
reactions did not have any impact on the studied processes, such that these species were
removed in subsequent improvements to the model.

Low-temperature ignition

The performed analysis shown, that the low-temperature oxidation is inhibited with C,H3
formation/decomposition in (R5), Fig. S2-3. It was figured out, that an acceleration of ignition
at low-temperatures, experimental data mostly from [54,55] for T < 1200K, could be achieved



through acceleration of the subsequent reactions of C,Hs;, which promote the acetylene
oxidation chain and compete with vinyl decomposition or its accumulation. At that a boost of
the reaction rate coefficient

C,H3+0,+ CH,O+HCO (R8)
conflicts with its promoting impact on the laminar flame speed. On this way, the reaction

mechanism was extended with channels of vinyl oxidation, detailed investigated in the study
of Goldsmith et al. [29]:

C2H3+0,=CH,CO+0OH (R9)
C,H3+0,=CH,O+H+CO (RlO)
C,H3+0,=CH;0+CO (Rll)
C2H3+02=CO,+CH3 (R12)
Also, for two channels

C,H3+0,=CH,HCO+0O (R13)
C2H3+02,=C;H2+HO; (R14)

k.5 and k;, were newly adapted from study [29]. The C,H3; + O, reactions play a key role for
the acetylene oxidation, but, due to lack of rate coefficient data we could perform the
uncertainty analysis only for kg, Fig.S2-4. The rate value calculated by Mebel et al. [64]
multiplied with 2 was prescribed to kg finally.

Tangible progress in the low temperature ignition simulations was obtained after introduction
of the formation/consumption of the vinylperoxy radical [27, 29, 64-66]. The vinylperoxy is
produced in barrierless vinyl + O, reaction and further, with temperature increase, is
decomposed in the chain branching reactions:

CHs+0,=CH,CHOO (R15)
CH,CHOO =CH,CO+OH (R16)
CH,CHOO =CH,0+H+CO (R17)
CH,CHOO =CO+CH30 (R18)
CH,CHOO =CO,+CHj (R19)
CH,CHOO =CH,HCO+O0 (R20)
CH,CHOO=CH,0+HCO (R21)

The k,5 was studied by Da Silva et al. [66] using variational transition state theory, with
O3LYP/6-31G(d) potentials scaled by G3B3 reaction enthalpies, and illustrated that the vinyl
+ O, reaction occurs via two discrete channels: cis- and trans-vinylperoxy. The most
comprehensive study was arguably performed by Goldsmith et al. [29]. The temperature- and
pressure-dependent rate coefficients for reactions related to CH,CHOO were calculated based
on state-of-the-art calculations of the C,H30, potential energy surface and was finally adopted
in the model. The comparison of the rate coefficients calculated in [66] and [29] is shown in
Fig. S2-5 of Supplement-2. Despite of the big deference in the rate coefficients calculated in
[29] and [66] these values did not noticeably impacted the results of simulations. But for the
cool flames we obtained the better convergence at calculations if the k;s from Da Silva et al.
[66] was used. This value finally multiplied with 2 was adopted in the model.



The accuracy of laminar flame speed simulations was further improved by increasing the
branching ratio k3, / (ksp + k34) 10 0.9.

The described modifications, performed to improve simulations of ignition delay times and
laminar flame speed data, resulted in Model-2.

Sensitivity analysis of the flame speed at higher equivalence ratios (sooting flames), Fig. 3,
revealed the moderate importance of reactions of the important PAH precursors:

C4H,>+OH <« C3H,+HCO (RZZ)
i-C4Hs—C,oH3+C,H, (R23)
C4H4+O—-C3H4+CO (R24)
CoH+CoHe— C4Ho+H (R25a)
H,CCCH+OH«+~HCO+C;,H3 (R26)
CsHz+CHeH,CCCH. (R27)

Due to their relatively low impact on the laminar flame speed data and general insignificance
for ignition delay time, these experimental targets, eq. (5), could not be used for further
insight into reactions (R22)-(R27). The revision and validation of the chemistry of H,CCCH,
C4H,, C4H4, i-C4Hs have been performed on simulations of concentration profiles measured in
laminar flames, shock tubes and plug flow reactors (PFR). This enabled the next step of
Model-2 improvement without sacrificing the quality of the simulations.

4.3. Model-2 validation and improvement of concentration profile data from shock
tube, laminar flame and plug flow reactor measurements

The revision and analysis of the production/consumption of H,CCCH, C4H,, C4H4 and i-C4Hs
was carried out on the species profiles measured in shock tubes [67-70], laminar flames [19,
71-73] and flow reactors [31, 74, 75], Table S3-1, Supplement-3. A summary of the species
measured in those experiments is provided in Table 3, showing that the main investigated
species are products of acetylene oxidation and pyrolysis. Nonetheless, an optimisation for the
target species which were measured in 3 or more works was performed. It should be noted,
that some datasets have varying quality and occasionally noticeable ambiguity in the
operating conditions and therefore were used only for the model validation, but not for the
optimisation.

Table 3. Species measured in experimental studies used for model improvement.

Shock Tube Laminar Flame PFR

[67] | [68] | [69] | [70] | [711 | [72] | [191 | [73]1 | [31] | [74] | [75]
CoH; X X X X X X X X X X
0, X X X
H X X
OH X X X
H, X X
H.0 X X X
CO; X X X X
Cco X X X X




Shock Tube Laminar Flame PFR

[67] | [68] | [69] | [7O] | [71] | [72] | [29] | [73] | [31] | [74] [75]

CH X

CHj,3 X

CH, X X

HCO X

C,H X

C2H3 X

C2H4 X X X

CsH, X

H,CCCH X X

H,CCCCH X X

C3H, X

CsH; X X X X X X X

CsH, X X X

C4Hs X

CsHs

CsHs

XX [X|X

Al X X

A1CH

x

CeH, X X X X

CgH, X

A2

A2R5

A3

XX [ X[ X

A4

Chrysene

XX [ X[ X

BAPYR X

Alzueta et al. [31] reported an uncertainty of approximately 80% for their measured C,H,4
concentration. As we did not find other error analyses, we assigned this uncertainty to all of
the experimental concentration profiles from PFR studies [31, 74, 75], which were measured
with the similar methodology and gas chromatography. For the concentration profiles from
the shock tube data [67-70] uncertainty factor of 2 has been assumed. For the laminar flame
data [19, 71-73] an error of about 30% was assumed based on the empirical rules described in

[6].

Through review of the acetylene oxidation reaction models and experimental data one can
conclude that a large part of acetylene pyrolysis reactions and their rates follow from early
shock-tube  studies [20, 67-69]. Simplified reaction ~models have been
developed/validated/fitted to these experimental results, leading to inaccuracies in future
models based thereupon. Preliminary revision of the studied model showed that reaction
2C,H;-Cy4Hy+H; can be eliminated from the model, because it is a sum of two reactions
(R26) and:

2C,H, <> H,CCCCH+H (R28)



Also, reaction C4H,+H,—C4H,4, which appears in some literature models, is a sum of
2CoH,—~C4H>+H, and

C4H4<—> 2C2H2. (R29)

The preliminary simulations of data from Table 3 with Model-2 demonstrated good
agreement with experimental data for the main reaction products and the H,CCCH radical,
overpredicts C4H, and i-C4Hs concentration profiles and underpredicts production of
H,CCCCH, CgH, and CgH,. As the species C,H,, C4H, and CgH, are the most widely
investigated, Table 3, their concentration profiles were the main targets for further
improvement.

The reaction rate analyses showed that C4H, and CgH, production is strongly dependent on the
competing C,H radical consumption in reactions:

CoHy+ CH « C4Ho+H (R25a)
C,Ho+ CH <> H,CCCCH (R25b)
C4Ho+ CoH «— H+CgH, (R30)

The underprediction of H,CCCCH, CgH, and CgH, by Model-2 arose from a deficit of the
C,H radical, mostly consumed for C4H, production in step (R25a). The main reaction steps
giving C,H are (R2a), (R4) and:

C,H,+H—H,+ C,H (R3 1)

An increase in the production rates of H,CCCCH and Cg¢H; and a simultaneous decrease of
C4H, production was achieved through balancing of the C,H and C4H,
production/consumption in last cited reactions and in reactions favour the formation of C4H,:

H,CCCCH+H+ C4H,+H>» (R32)

The pressure-dependent reaction (R33) investigated by Klippenstein and Miller [76] was
adopted in the model instead of monomolecular H,CCCCH decomposition after revising the
analysed reaction sequence. Also the rate coefficient value recommended in Slagle et al. [77]
is now used instead of that from Miller and Melius [32] for reaction
H,CCCCH+0,=CH,CO+HCCO. (R34)

Three new reactions involving diacetylene decomposition and H abstraction:

C4Hy 2C,H (R35)
C4H M CyH+H+M (R36)
C4H,+OH«—C4H+H,0, (R37)

were included in the model with kss from [68] and ks from [78]. The value of ks; was
estimated by analogy to the reaction C4H,+OH«C3H,+HCO studied by Warnatz [44].



The important “bridge reaction” between small chemistry and the formation of first aromatic
ring (R23) was revised. The earlier used experimental data for unimolecular decomposition
from Dean [79] was analysed and finally changed to the second order reaction (R38) with kug4
following from Weissman and Benson [80]:

i-C4Hs +M—CyH3+CoH+M (R’23)

Reactions of polyynes production C4H,+C,H—H+CgH, [69], C4H,+C4H,—-CgH,+CoH, [81],
C4H,+C4HyCgH,+H; [81] and C,H+C4H«—CgH, have been tested through simulations. The
simulations revealed that these reactions reach equilibrium, shifted to the right side, relatively
quickly, only slightly influencing polyyne decomposition at high temperatures and generally
not impacting polyyne production. These reactions were not included in the final model.
Similarly, the H,CC radical did not result in any impact on the modelling results.

For the key reactions (R25a,b), R(28), (R30) and (R32), the uncertainty intervals were
evaluated with egs. (3,4), Table S3-2 and Figure S5. Finally, an desired increase of
H,CCCCH and CgH, concentrations and simultaneous decrease of the concentration of C4H»
has been achieved with modifications of Kosa, Kosp, Kog , Kog, and ki described in the Table S3-
2, Supplement-3.

Unfortunately, the extensive study of Zador et al. [82] came into sight after the final analysis
and model validation was done. As studied acetylene mechanism is the part of DLR reaction
base, every sub-models included in reaction base are tested after modifications performed for
the C1-C2 chemistry. That is time-consuming process, because only modifications leading to
the improvement in the sub-models involved are finally adopted. However, as it can be seen
from Fig. S3-6, the calculations of the rate coefficients for the association of two acetylene
molecules and related reactions performed by Zador et al. [82] applying the rigorous ab initio
transition-state theory master equation methods lie in the calculated in this study uncertainty
intervals. We would like to note that the increase of kg during model optimisation on “the
event-related phenomena” is in accordance with the results obtained in [82], what supports
our strategy. The finally evaluated rate coefficient value for (R28) is slightly higher than the
k. value from [82], what follows from the lumping of the CCH; radical. The full
implementation of the results gained in the [82] will be performed during the model update
devoted to the PAH sub-mechanism improvement.

The performed modifications were implemented in the final Model, which is discussed in the
next sections.

The reaction rate modifications we obtained through the simulations can be found in the Table
S3-3, Supplement-3.

5. Results and discussion
5.1.Small PAH precursors

The obtained progress in simulations of concentration profiles of C4H,, H,CCCCH, CgH, and
i-C4Hs measured in shock tubes [67-70] and laminar flames [71-73] is shown in Figures 4-6
and Figures S4-1-7 of Supplement-4. At the same time, the Model-2 and final Model match



concentrations of C,H, and main reaction products equally well, showing that the
modifications, performed for the PAH precursors, did not disturb the earlier accomplished
quality of the fuel decomposition and oxidation process. Any other modifications led to loss
of this performance.

The described above modifications led to a remarkable decrease of the simulated C4H,
concentrations at relatively low temperatures (< 2150K), if shock tube pyrolysis experiments
was modeled, Table S2, Figures 4 and S4-1-4. At intermediate (2150-2350K) and high
temperatures (> 2400K) the attained concentration decrease was slower or negligible.
Consequently, the most effective improvement in the C¢H, shock tube data simulations was
obtained at the lower and intermediate temperatures, Figures 4 and S4-1 and S4-2. At the high
temperatures, Figure 4b, the increase in CgH; production was observed only in the earlier
stage of the processes before the equilibrium of reaction (R30) shifts to the left side. It was
supposed that at the higher temperatures, another reaction mechanism, not connected to C4H,
production, affects the polyene formation. This could be the dehydrogenation of the linear
CsHs, which is currently not included in the model. This extension will be performed as part
of the improvement to the PAH formation sub-mechanism, after final upgrade of the C3-C,4
sub-models.

Modelling of the target species measured in laminar flames, Table S3-1, also shows
improvements through the model optimisation, Figures 5, S4-5-7. For simulations of the
Bastin et al. [72] flat flame, their uncertainties of the flame temperature were incorporated.
The presented results were obtained for the “averaged” temperature profile, shown in Fig. S4-
6a as a dash-dot line. Due to inconsistencies in the measured data, the final simulations
resulted in a compromise between the slight overprediction of the C4H, data from the flat-
flame burners of Bastin et al. [72] (Fig.5c) and Miller et al. [19] (Fig.5f), and the light
underprediction of the C4H, data measured by Westmoreland et al. [71], Fig.5b. Competing
trends can also be seen in the concentrations of the H,CCCCH measured by Bastin et al. [72],
Fig.5d, and by Lamprecht et al. [73], Fig.6b: the model overpredicts the data from [72] and
underpredicts that of [73]. At the same time, model optimisation performed on these flames
resulted in improvements to the i-C4Hs concentration modelling, Fig.5d and Fig.6f.

Generally, a good or satisfactory agreement, not exceeding a factor of 2, is achieved for all
simulated species, major products, small radicals and PAH precursors. The performed
optimisation of the C4,H,, H,CCCCH, Cg¢H, and i-C4Hs concentration profiles has resulted in
progress to the reproduction of the propargyl radical, cyclopentadiene (CsHg) and the CsHs
radical, Fig.6a,c,d. The unregular behaviour of the i-C4Hs concentration profiles, Fig.5d, 6f, is
related to the uncertainty of rate coefficient [R23’] at temperature < 1000K. Benzene
prediction was consequently improved, Fig.6e.

For the lower temperatures (< 1200 K), the main reactions of the first single-ring molecule
formation are

C7H7+->CsHs+CoH; (R38)
H,CCCCH+CoHy A l- (R39)
i-C4H5+C2H2<—>A1+H (R40)

With  temperature increase (>1200K), the equilibrium of reactions i-C4Hs
+M«C,H3+C,H,+M and reaction of cyclopentadienyl formation



CsHs—>H,CCCH+C3H, (R41)

is shifted to the right and the H,CCCH recombination determines the production of the first
aromatic rings by over the entire reaction time. The role of (R39) in the phenyl production
goes down with reduction of the acetylene concentration in the system.

The propargyl radical is formed at these conditions solely in two steps (R27) and:

C2H2+CH2(S)<—>H2CCCH+H (R42)

We analysed sensitivity coefficients of the H,CCCH, H,CCCCH, i-C4Hs and CsHs for
different temperatures and for 60% and 80% of fuel consumptions.

For the lower temperatures (< 1200 K), reactions of C,H3;, CH,CHOO and CH,;HCO are
mostly important for the H,CCCH production, especially on the beginning of the fuel
oxidation, Fig.7a-d. For the higher initial temperature, these reactions are further not
important, Fig.7e,f: the production/consumption of propargyl radical is defined by reactions
of CH, CH,, C3H, and benzene.

The change of dominant reactions with temperature for cyclopentadienyl is shown on the
Fig.8. For the lower temperatures (< 1200 K), production of CsHs is also mostly sensitive to
reactions of C,Hs, CH,CHOO and CH,HCO on the earlier stage of overall reaction, and to
reactions of phenoxy radical if 80% of acetylene is destructed. The phenoxy production starts
with (R39) in competing with (R38) and (R40). The consumption of CsHs is dominated by
benzyl production in (R38) at lower temperature, Fig.8a-d. For temperatures >1200 K,
thorough the shift in the (R41), CsHs is utilized mostly for the propargyl production and is
mostly sensitive to its reactions, Fig.8e,f. The similar conclusions can be done for the
sensitivity analyses performed for H,CCCCH and i-C4Hs.

The results of sensitivity analysis, Fig.7 and 8 highlight the tight coupling between
components responsible for the oxidation and aromatics.

5.2.Acetylene oxidation

The described above model optimisation performed on the concentration profiles led to
further progress in ignition delay time simulations (the least-squares residual was reduced
from 7.91E-05 to 1.30E-05), Fig. 9 and Supplement-5; and in laminar flame speed modelling,
Fig.10.

5.3.Blind Modeling

In order to test the model capabilities to reflect the physicochemical properties of the
acetylene combustion, we performed the ‘blind’ modelling, i.e. simulations of experimental
data obtained under different operating conditions and not used for the model optimization.

Laminar flame speed data at p=2 atm from Jomaas et al. and Ravi et al. [57, 59], and high-
pressure data from Shen et al. [60], are shown in the Fig.11a,b. Flame data for lean mixtures,
Fig.11b, is slightly overpredicted for p = 5-15 atm, and is in good agreement with simulations
for p < 5 atm and p > 17 atm. For rich mixtures, the entire investigated pressure interval is
well reproduced, excluding pressures below 5 atm, which conflicts with the data of Jomaas et
al. [57] and Ravi et al. [59], Fig.10 and Fig.11a.



The concentration profiles from Alzueta et al. [31], Fig.12 and S4-11 have an excellent
agreement with simulations.

Since we do not improve the PAH sub-model in this study, we used the data measured in plug
flow and jet-stirred reactors by Norinaga et al. [74], Sanchez et al. [75] and Wang et al. [28]
only for blind simulations, Figs. S4-8-10.

Unfortunately, it is difficult to understand the real uncertainty of the published data obtained
in tubular flow or jet stirred reactors. The authors prefer to report a partial information
concerning experimental errors. An essential problem of the tubular flow and stirred reactors
is the assumption that the processes in these reactors are homogeneous, spatially uniform and
stationary, i.e. “limited” only by chemical reaction kinetics and can be modelled with
numerical models of PFR (1D) and PSR (0D). Therefore, experimental uncertainties of the
tubular flow or jet stirred reactors characterize more the departure of the measured
concentrations from an ideal case. Based on the investigations [7, 83-86] we evaluated
systematic error conditioned by the reactor design, equipment and assumptions used in
numerical models [7] as 25%-35%. For a random error we assumed evaluations performed by
Norinaga et al. 2008 [74] for the ex-situ gas chromatography measurements: £9% for gaseous,
+28% for major condensing products, and +32% for minor condensing products (mainly
PAHSs). On this way, we can obtain, that departure of the measured concentrations from an
ideal case lies in interval 30%-70%. For concentration uncertainties, we assumed 30% for
small molecules, 50% for the one ring aromatic molecules, and 70% for the larger PAH, Fig.
S4-8-10. Some details can be further found in the Supplement-4.

Many compounds were identified and analysed in these studies, ranging from small radicals
to PAHs up to coronene (C2sHi2). All “small” molecules measured in these studies are
reproduced within uncertainty intervals. For 6 species: CH3CHO from Wang et al. [28], and
CgHi, from Norinaga et al. [74], Ce¢HsCH3 from Wang et al. [28], C1,Hg from Sanchez et al.
[75], A2 from Sanchez et al. [75], and CisHio from Norinaga et al. [74] the largest
disagreements were obtained reaching factor of 4-10, Figures S4-8-10. Benzene is
undepredicted for both, Norinaga et al. [74] and Sanchez et al. [75], experiments with a factor
of 2-2.5 and overpredicred for Wang et al. [28] with a factor of 3.

Nevertheless, simulations of these datasets demonstrate satisfying agreement, indicating that
the performed model improvements resulted in an adequate self-consistent reaction
mechanism with a high degree of reliability.

In the future work, devoted to the PAH sub-model, these data will be analysed more detailed.

5.4.Reaction-pass analysis

Figures 13 and 14 and S4-12 highlight the main chemical pathways of acetylene oxidation for
the two temperatures 1150 K and 1650 K. The reaction flow diagrams were analysed for three
time points: 10%, 30% and 80% of fuel consumption.

As shown in Fig.13a, C,H; and HCCO are confirmed to be the dominant species in CyH;
oxidation below temperatures of 1300 K. Acetylene is primarily consumed by three
reactions:



C,H,+OH«+~CH,CO+H (R2c¢)
C,H,2+O—-HCCO+H (R3Db)
CoHo+H(+M) «-CyH3(+M) (R5)

The subsequent reactions of the ketenyl radical, HCCO, mostly yield CO and CO; (in
agreement with the conclusions of Klippenstein et al. [63]), whereas oxygen addition to C,H3
in (R15) leads to vinylperoxy, CH,CHOO and further to CH,HCO and CH,CO. The
successive reactions (R16-R21), implemented in the current study, primarily dictate the
subsequent reaction pathways, in turn accelerating C,H3 consumption and formation of active
CH,0, HCO and final products.

During the oxidation process, as temperature increases (Fig. 12b), HCCO becomes the
dominant species and now primarily determines kinetics through reactions (R6a), (R6c) and
H+HCCO«+—CH,+CO.

For initial temperatures above 1300 K, Fig.14, reaction (R3b) remains the main channel of
fuel decomposition. The formation of the CH, CH, and C,H radicals become important and
strongly influence acetylene consumption:

C,H,+OH«+—CoH+H,0 (R2a)
C,H,+OH«+—CH,CO+H (RZC)
C,H,+O«—CH»+CO (R3a)
CoH+H(+M)«CoHy(+M) (R4)
C,H,2+CH—C,H+CH, (R27b)
CoH+H—H,+CoH (R3l)
0,+CHoCO+OH (R43)
0,+CH—~CO,+H (R44)
0,+C,H—~CO,»+CH (R45)

The reactions of vinylperoxy do not significantly influence oxidation at initial temperatures
above 1300 K.

We collected all reaction analysed in the paper with their used/optimised rate coefficients and
uncertainty intervals (calculated, following from literature or evaluated after analogy) in the
Table S3-3.

Conclusions

The update of the acetylene (C,H,) combustion sub-mechanism of the DLR reaction database
has been successfully performed. The major initial stages of acetylene oxidation and
pyrolysis, some associated secondary reactions and reactions related to PAH precursor
formation have been revised. The obtained model was successfully validated against: (a)
shock tube experimental data for ignition delay times in the range of pressure ps = 1-10 bar,
temperature Ts = 1000 — 2300 K, equivalence ratio ¢ = 0.0625-2; (b) laminar flame speed data
for p = 1-20 bar, To = 298 K, ¢ = 0.6-2; and (c) concentration profiles from laminar flames at



p = 0.026-0.050 bar, To = 298-800 K, ¢ =1.67-2.5, shock tube pyrolysis measurements at ps =
0.3-8.0 bar, Ts = 1100-2600 K, and plug flow reactors at p = 0.08-1.00 bar, Ty = 700-1500 K,
¢ =0.06-1.43.

Approximately 500 experimental targets were analysed for model improvements. They were
selected by the criterion of the experimental target applicability for model improvement, E,,,.
The modifications of rate constants were performed within the uncertainty intervals estimated
with statistical methods applied to the thermochemical data obtained from the literature. The
deficit of experimental data useful for the kinetic model optimisation has been noted.

The model improvement was performed in a stepwise manner: the first stage of the update
was performed through revision of the thermochemical data and model optimisation on
ignition delay data and laminar flame speed data, since they exhibit lower uncertainty in
comparison to species profile data. The final model tuning was obtained through simulations
of concentration profiles measured in shock tubes, plug flow reactors and laminar flames.

The results of the first phase of optimisation positively influenced predictions of the target
species under study during the second step. The model modifications performed on the small
PAH precursor simulations conversely led to improvements of the ignition delay time
predictions. This, coupled with good agreement of modelling results with the blind
experimental data not involved in the optimisation process allows the conclusion that the
developed model is self-consistent.

It was found that successive reactions of the vinylperoxy radical formation and consumption
dictate the reaction progress at low temperatures. The implementation of these reaction routes
into the current model led to significant progress in simulations of ignition delay times at
temperatures below 1300 K. For initial temperatures above 1300 K, HCCO, mostly produced
in C;H,+O—-HCCO+H, becomes the dominant species and primarily determines the high-
temperature Kinetics through the reactions HCCO+0,=C0O,+CO+H, HCCO+0,=2CO+0OH
and H+HCCO«—CH,+CO.

The possible influence of H,CC and HOCO radicals and their related reactions on the ignition
process has been investigated. Performed simulations and kinetic analysis showed that these
reactions did not change any simulation results and did not have any impact on the studied
processes.

Revision and analysis of the production/consumption of H,CCCH, C4H,, C4H4 and i-C4Hs
have been performed to achieve an increase in the production rates of H,CCCCH and Cg¢H,
and a decrease of C4H, production. This was obtained through balancing of the C,H and C4H,
production/consumption in reactions (R2a), (R4), (R25a,b), (R30), (R31), (R32) and (R33).

It was determined that at higher temperatures, another reaction mechanism not connected to
C4H; production affects polyyne formation. This could be the dehydrogenation of the linear
CsHe, which will be included in the model after an upgrade of the C3-C, sub-models.



For lower temperatures (< 1300 K), formation of the first aromatics, phenyl (C¢Hs, Al-) and
benzyl (C;Hy), proceeds from precursors H,CCCCH, i-C4Hs and CsHs. The production of the
initial single-ring aromatic molecules at high temperatures (> 1300 K) is determined by the
H,CCCH recombination over the entire reaction time. Also in this case, the possible influence
of the H,CC radical on the PAH precursors was tested and any impact on the modelling
results was determined. H,CC and HOCO were discarded from the final model.

The performed study clearly determined that acetylene combustion proceeds through the
strongly coupled reaction paths of fuel oxidation and PAH precursor formation; the same
species are involved in these parallel processes. Therefore, the self-consistent reaction model
for acetylene combustion could be obtained only by an optimisation performed on the
experimental dataset encompassing both processes.
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Figure 1. The major initial stages of acetylene oxidation and pyrolysis adopted in the present model.
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Figure 8. Sensitivity coefficients for CsHs calculated for mixture with ¢=2 from [28] with the final Model
for different initial temperature (the first 10 most important reactions are shown).



Experimental data
Model-1
Model-2

Final Model

O
]
e
A

Ignition delay time [s]

150 200
Target number

Figure 9. Comparison of experimental ignition delay data versus simulations performed with Model-1,
Model-2 and the final Model (Details are in Supplement-5).
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Figure 10. Experimental laminar flame speed data [56, 57, 59-61] versus simulations performed with
Model-2 and the final Model.
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Figure 11. Experimental laminar flame speed data [ 57, 59, 60] versus simulations performed with the final
Model.
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Figure 12. Comparison of concentration profiles measured by Alzueta et al. [31] for acetylene oxidation in a
PFR 500ppmC,H,/875 ppmO,/7000ppmH,0, p=1atm, with simulations using the final Model (lines).
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Figure 13. The reaction flow diagram of C,H, oxidation for T5 = 1150 K, ps = 1 atm, ¢ = 1: a) 30% and
b) 80% of fuel consumption.
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Figure 14. The reaction flow diagram of C,H, oxidation for Ts = 1650 K, ps =1 atm, ¢ = 1; a)
30% and b) 80% of fuel consumption.



