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Abstract

Accurate prediction of soot formation and evolution remains a formidable challenge due to
the complex interaction between gas-phase composition and solid-phase particles. Recent
studies have shown that the choice of gas-phase mechanisms is of primary importance in
affecting predictability. In this work, a systematic analysis of ethylene (CyHy) combus-
tion mechanisms denoted as KAUST, Stanford, Aachen, Polimi, ABF, DLR/UT, Naples,
Caltech, and SJTU, which have been widely used in the soot community, is performed to in-
vestigate their differences in fundamental chemistry, polycyclic aromatic hydrocarbon (PAH)
chemistry, and soot prediction. It is found that the nine mechanisms exhibit large differ-
ences even in predicting canonical combustion properties (e.g.,ignition delay time, laminar
flame speed, and extinction strain rate), indicating significant variations in the fundamen-
tal chemistry. This is due to the fact that although most mechanisms share very similar
dominant fuel-oxidation reactions, there are notable differences in the rate coefficients of
sensitive reactions used in these mechanisms. Owing to the uncertainties in the fundamen-
tal chemistry, the predictions of CoHs from the nine mechanisms show significant differences,
which contributes to the differences in soot precursor prediction, in conjunction with the
difference in benzene (A1) formation pathways demonstrated by the element flux analysis
of the C atom. Furthermore, it is found that PAHs containing two rings play a dominant

role in soot formation for most mechanisms. Moreover, it is observed that while Caltech and



SJTU significantly under estimate soot formation, they reasonably reproduce its sensitivity
to strain rate. These results indicate that despite substantial advances in the development
of CoH, oxidation and PAH formation chemistry, the various existing mechanisms lead to
significant differences in predicting soot concentrations which can be traced back to consid-
erable differences in both fundamental chemistry and PAH chemistry. This suggests that
the fundamental chemistry should be calibrated or improved before further development of

PAH chemistry and soot models.
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1. Introduction

As an undesirable by-product of combustion and hazardous pollutant, soot has adverse
effects on human health and is suspected to play a key role in climate change. Therefore,
control and reduction of soot emission have been one of the main concerns in the development
of low-emission propulsion and power systems. However, reliable simulations of sooting
flames remain a scientific challenge and the combustion community dedicates significant
efforts on this topic [I, 2]. This is due to the complexity of physico-chemical processes
involved in soot formation and evolution, including soot precursor reactions, nucleation,
coagulation, condensation, heterogeneous surface reactions and the underlying aerosol/flow
dynamics [3H6]. All these make soot modeling one of the hardest problems in combustion
research [1H5], [7].

Soot models have three main components [7]: Model-1 for aerosol/flow dynamics, Model-
IT for physico-chemical processes of particle formation, growth and oxidation, and Model-III
for fuel oxidation and soot precursor (i.e., polycyclic aromatic hydrocarbons - PAHs) forma-
tion/growth. The focus of this work is the latter aspect, Model I11, with special attention on
ethylene (CoH,) oxidation and PAH formation chemistry, given the importance of the CyHy
fuel in understanding soot formation and evolution as well as validating soot models. While
tremendous progress has been made towards the development of CoHy oxidation and PAH
formation chemistry [8-31], recent studies [32H36] have concluded that the choice of chemical
mechanisms (i.e., Model-III) is of primary importance in affecting predictability.

Despite the significance of Model-III in predicting soot concentrations, there are only few
investigations attempting to reveal the sensitivity of the prediction to the choice of Model-III.
Chong et al. [32] compared two CoHy mechanisms, the KAUST skeletal mechanism [8, 9] and
the Stanford (or NBP) mechanism [19,20], in terms of their abilities to predict soot formation
in CoHy swirling flames. Similar to [9, 35] when simulating laminar sooting flames, they
found that the KAUST mechanism calculates higher soot concentrations than the Stanford
mechanism. This could be attributed to the inclusion of large PAH species up to coronene

(A7) in the KAUST mechanism. Abdelgadir et al. [33] compared the Stanford mechanism



with the KAUST-USC Mech [31], and reported that the peak pyrene (A4) mole fraction
predicted by the KAUST-USC mechanism is about 70 times higher than that by the Stanford
mechanism in a coflow CoHy diffusion flame at 8atm. Kruse et al. [34] also examined two
CoHy mechanisms: the Aachen mechanism [22] and the Polimi mechanism [23], in terms of
their performance in predicting the sensitivity of soot formation to strain rate in counterflow
diffusion flames of CoHy and gasoline surrogate components. They reported that in some

cases the Aachen mechanism appeared to be more accurate than the Polimi mechanism.

Table 1: Mechanisms for CyHy oxidation and PAH formation/growth, in which both Caltech and Aachen
mechanisms were developed based on Stanford (or NBP) mechanism [I9] 20]. More details about Hy/CO
and Cs3-Cs5 sub-mechanisms used in the nine mechanisms are provided in corresponding references.

Mech Species#/Reactions #  Fundamental chemistry Aromatic chemistry Reference
KAUST _ 99/625 AramcoMech 1.3 [29] Colg- Caalig or AL-AT o]

ABF 101/544 GRI-Mech 1.2 [37] CeHg-C1gHig or Al-Ad i8]
DLR/UT 112/881 LeedsMech [38] CgHg- CooH12 or A1-A5 [13]
Naples 117/407 GRI-Mech 3.0 [39] CeHg-Ci6Hio or A1-A4 17, 18]
Stanford 158/1049 Optimized GRI-Mech 3.0 [39H41] CgHg-Ci1sHip or A1-A4R5 [20]
Polimi 170/5465 POLIMI [23] CeHg-C16Hig or Al-Ad 4
Caltech 174/1896 Optimized GRI-Mech 3.0 [39H41] CgHg-Ci1sHio or A1-A4R5 [21]
SJTU 182/1167 SITU [25, 26, 28] CeHe- CigHip or A1-A4R5  [27]
Aachen 339/1693 Optimized GRI-Mech 3.0 [39H4T] CgHg-Ci1gHio or A1-A4R5 22]

It should be noted that the focus of the above investigations [32-34] is mainly placed on
the impact of the choice of Model-III on predicting soot concentrations in sooting flames.
This may lead to an insufficient understanding about the differences in PAH chemistry
due to notable removal of PAHs in soot formation/growth processes. Moreover, only two
mechanisms are investigated in the above studies [32-34] with special attention on the dif-
ference in PAH chemistry. Therefore, it is now indispensable to question what differences
in PAH chemistry exist among the most widely used CoH; mechanisms in the soot commu-
nity. In addition to the differences in the PAH chemistry, investigations on the differences
in fundamental (i.e., Cy-Cy) chemistry are still lacking, while the Co-Cy chemistry can play
a substantial role in mechanism performance and subsequent PAH formation.

To address the above gaps, nine CoHy combustion mechanisms which have been widely
used in the soot community will be investigated in this work in terms of their differences
in fundamental chemistry, PAH chemistry, and prediction of soot concentrations. The nine

mechanisms are summarized in Table[I] and denoted as KAUST, Stanford, Aachen, Polimi,
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ABF, DLR/UT, Naples, Caltech, and SJTU. The Caltech mechanism is downloaded from
its official website[42], while the Stanford and Naples mechanism files are obtained from the
supplementary materials of corresponding papers [17, I8, 20]. For Aachen, ABF, DLR/UT,
KAUST, Polimi, and SJTU mechanisms, they are directly sent by their developers, respec-
tively. It is seen that the nine mechanisms were developed using different fundamental and
PAH chemistry. The ABF mechanism by Appel et al. [I1] is a detailed mechanism which
was validated against the profiles of major and minor species, aromatics, and soot yielding
in premixed flames of ethane, ethylene and acetylene with various C/O ratios (0.6-1.3) at
wide pressure conditions (0.12-10 bar). The Stanford mechanism [20] was proposed on the
basis of the detailed mechanism by Blanquart et al. [I9] which has been developed for the
oxidation of a wide range of hydrocarbon fuels ranging from methane up to large hydrocar-
bon components (e.g. C;Hyg and CgHyg) and has incorporated the sub-mechanism for the
formation of larger PAH molecules up to cyclo[cd]pyrene. In the Stanford mechanism [20],
the base mechanism in [19] was extended to include the combustion of some other aromatics,
namely ethylbenzene, styrene, 1-methylnaphthalene, and m-xylene. It has been extensively
validated against IDTs and LFSs over a wide range of temperatures and pressures as well as
the soot precursor formation in premixed flat flames of n-heptane and iso-octane and coun-
terflow diffusion flames of acetylene and n-heptane. Based on the Stanford mechanism, Cai
and Pitsch [22] updated the modules for Primary Reference Fuel mixtures (i.e., n-heptane
and iso-octane) and ethanol in the Aachen mechanism, while Blanquart et al. [21] further
made some modifications to improve the predictive capabilities of the Stanford mechanism
in the development of the Caltech mechanism. The SJTU mechanism by Yuan et al. [25H2§)]
is a detailed mechanism with special attention on the pyrolysis and oxidation toluene and
o-xylene and has been validated and improved for the laminar premixed ethylene flames at
elevated pressures. The DLR/UT mechanism by Dworkin et al. [I3] is a gradual upgrade of
the mechanism proposed by Slavinskaya et al. [I2] which was developed to predict the for-
mation/growth of PAH up to five aromatic rings in methane and ethylene-fueled flame. The
KAUST mechanism by Selvaraj et al. [9] was built from the detailed mechanism AramcoMech

1.3 [29] for the fuels up to C2 and chemical pathways for PAH up to A7 [8], which has been
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validated against the laminar non-premixed and premixed ethylene flames at atmospheric
pressure. The Polimi mechanism by Ranzi and coworkers [23] 24] is hierarchically organized
and is based on the detailed mechanism for the C1-C4 chemistry which has been validated
against a large amount of experimental data [23]. The Naples mechanism by D’Anna et
al. [17, 18] was developed on the basis of GRI Mech 3.0 [39] for C1-C2 species and has been
validated over a range of different operating conditions in rich premixed laminar ethylene
flames. While these mechanisms date back to very different years, they are still widely used
in the soot community nowadays. For more detailed information about the fuel types and
parameter sets that these mechanisms aim to predict, please refer to the corresponding ref-
erences listed in Table[l] Given that the nine mechanisms are widely used for studying soot
formation in ethylene flames in the literature [8-31], the analysis and comparison of these
mechanisms are of importance.

It is noted that the PAH chemistry is typically developed with the specific fundamental
chemistry they were designed for. In this context, it is difficult to completely decouple PAH
and fundamental chemistry because different mechanisms have different species for instance,
and that the performance of a PAH subset on different core mechanism might be worse,
etc. Recently, some efforts have been made [43] to the integration of kinetic subsets from
different research groups so that a detailed chemical kinetic model which consists of separate
and independent fundamental (core) chemistry and PAH chemistry can be obtained.

With this background, the objective of this work is threefold:

1. To investigate the fundamental chemistry of the nine mechanisms through analysis of
three performance indicators, i.e., laminar flame speed, ignition delay time, and extinc-
tion strain rate, combined with a sensitivity analysis to identify underlying differences
in the fundamental chemistry;

2. To examine the predictabilities of the nine mechanisms to large hydrocarbon species,
combined with an element flux analysis of the carbon (C) atom to identify differences
in the pathways from fuel to benzene (Al);

3. To assess the sensitivity of soot prediction to the choice of mechanisms and the con-

tributions of PAHs.



To the authors’ knowledge, this study is the first attempt to perform a systematic analysis
of chemical mechanisms for ethylene oxidation and PAH formation. In order to achieve the
above three objectives, the differences among the nine mechanisms are examined at the three
levels (see Fig.: fundamental chemistry, PAH chemistry, and soot predictions. It is noted
that the intention of this work is to investigate the differences of chemical mechanisms for
CyHy oxidation and PAH formation as well as to identify underlying reasons leading to the
differences, rather than to assess which mechanisms are more accurate than others.

The paper is structured as follows. In the next section, the descriptions of numerical de-
tails and experimental data are presented, followed by the description of sensitivity analysis
and element flux analysis. The results and discussion are presented in Section[3] in which
the fundamental chemistry of the nine mechanisms is first investigated in Section[3.1} the
predictabilities of the nine mechanisms to large hydrocarbon species are examined and the
differences in the pathways from fuel to benzene (A1) are identified in Section[3.2} and then,
the sensitivity of soot prediction to the choice of mechanisms is quantified in Section|3.3

Finally, the conclusions are summarized in Sectionfd]

2. Methodology

2.1. Numerical details and experimental data

To reveal whether the nine mechanisms exhibit differences in the fundamental chemistry,
ignition delay time (IDT), laminar flame speed (LF'S), and extinction strain rate (ESR) are
employed as performance indicators (see Fig.. The IDTs are calculated in homogeneous
reactors at the pressure of P = 1.1 atm and equivalence ratio of ¢ = 1 and 2. The LFSs are
obtained by simulating 1D freely-propagating premixed CyH,/air flames at 0.5 < ¢ < 3.0
and room temperature and pressure conditions. The ESRs are calculated by counterflow
diffusion flames at P = 1atm with 12.2%CyH,+87.8%N, in volume at the fuel side and
air at the oxidizer side. These quantities are calculated using Cantera [44] with the nine
mechanisms. The time and spatial resolutions are examined to ensure the convergence of

solutions. The conditions used to obtain the IDTs, LFSs, and ESRs are chosen to match



Fundamental Aromatic

chemistry chemistry

Homogeneous p _I?'Il' ¢ Sensitivity
reactor ¢_: 1 aém analysis

fresh eq LFS

P —1latm Element flux
{‘ T — 203K analysis

0.5< ¢ < 3.0
Fuel ESR C,-Co

-J g P =1latm, T = 298K P =1latm,T = 298K P =1latm,T = 298K
Fuel : 122%CQH4 Fuel : 122%C2H4 Fuel : CQH4

________ 87.8%N> 87.8%N Oxidizer : 75%N,
ﬁ\ Ffi Oxidizer : 79.0%N, Oxidizer : 79.0%Ny 25%0,
21.0%0, 21.0%0,

N3/O2 a=57/s a=37.5/s, 62.5/s

Figure 1: Scheme of numerical configurations and targets for performing the systematic analysis of chemical
mechanisms for ethylene’s fundamental chemistry and aromatic chemistry, in which the targets IDT, LFS,
ESR, and SVF represent ignition delay time, laminar flame speed, extinction strain rate, and soot volume
fraction, respectively. The details of sensitivity analysis and element flux analysis are provided in Section

with the corresponding IDT [30], LF'S [45], and counterflow [46] experiments in the literature.
The readers who are interested in the uncertainty of experimental date can refer to [30] 45|
46]. It is noted that in this work the experimental data sets are selected based on the
consideration that the thermodynamics condition and mixture composition should be as
normal as possible, such that they are well within the range of application of each mechanism.
On the other hand, the intention of this work is not to give a ranking on these mechanisms,
the experimental data are used here only for reference and hence only sufficient experimental
data are considered in this work.

To achieve the second objective in terms of the differences of PAH chemistry in the
nine mechanisms, the Yale soot-free counterflow experiment [46], in which the distributions
of C1-Cy species were measured, is simulated using Cantera at the same conditions as the
above ESR calculations but with a fixed global strain rate of a = 57/s, as shown in Fig.
Here the global strain rate is defined as a = (Ur + Uoy)/L, based on the nozzle distance

L and fuel (Uy) and oxidizer (Uoy) inlet velocities. The non-sooting flame is considered to



avoid the notable removal of PAHs in soot formation/growth processes so as to reach better
understanding about the differences in PAH chemistry.

In order to examine the impact of the choice of mechanisms on the sensitivity of soot con-
centrations to PAH chemistry and strain rate, two sooting counterflow diffusion flames [47]
at a = 37.5/s and a = 62.5/s with pure CoHy and 25%05/75%Ns in volume at the fuel and
oxidizer sides, respectively, are simulated using an OpenFOAM-based in-house solver [48].
A state-of-the-art statistical soot model, the Hybrid Method of Moments (HMOM) [49-54],
considering PAH based nucleation and condensation, coagulation, surface growth, oxidation,
and fragmentation processes has been implemented into this solver. The HMOM method
is used for its numerically efficiency and robustness as well as its ability to account for the
bimodality of the soot size distribution. It is noted that the overall analysis is limited by
the choice of a single soot model, as different parts of the gas phase chemistry (i.e., different
PAHs coupled with the soot mechanism) will affect the results obtained.

The difficulty faced with examining the impact of chemical mechanisms on soot pre-
diction is that any soot model has its own peculiarity to be considered in this kind of
juxtaposition often leading to misinterpretation and misquotation. The compromise is to
perform this comparison defining clear interfaces between the different components of the
overall model: i) combustion chemistry, ii) particle formation and growth, and iii) soot pre-
diction. Therefore, the comparison does not refer to different soot models, but takes just one
soot model plugged on the gas phase interface provided by different reaction mechanisms.
Any soot model offers numerous features beyond those ones covered by the HMOM model.
For example, applying the complete ABF-model (or others) certainly would have brought
about different results. However, the complete ABF-soot model (or other soot models) is
not subject of the comparison.

Furthermore, the conversion and coupling between the solid-phase and gas-phase are
carefully addressed, and the radiation from the gas-phase and solid-phase is described by
the optically thin model. More details about the two-phase coupling and radiation model-
ing are provided in our previous work [55], 56]. It is noted that the same model parameters

(e.g., sticking coefficients, collision frequency, and surface reaction coefficients) are used when
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coupling HMOM with the nine mechanisms for a fair comparison. Nevertheless, the differ-
ence in the soot precursors (i.e. PAHs) considered in the nine mechanisms (see Table[l]) can
lead to different dimer concentrations required for nucleation and condensation. More details

about the rate of PAH dimerization are provided in Supplement A.

2.2. Sensitivity analysis and element flux analysis

Brute-force sensitivity analysis is a useful approach to determine rate limiting reactions.
In this work, the sensitivity analysis is conducted for IDT to identify key reactions in fuel
oxidation with the normalized sensitivity coefficients given by S; = d1ln7/01n k;, measuring
the sensitivity of IDT (7) to the change of the rate coefficient (k;) of reaction i. Although
the sensitivity analysis for IDT and LFS can be readily applied, only the sensitivity analysis
for IDT is presented since they provide very similar results (which would be shown later).

To identify the differences of the nine mechanisms in the pathway from fuel to Al, the
element flux analysis [57] is performed for the Yale counterflow flame. The species Al is
chosen here because it serves as an important bridge linking the fuel oxidation and PAH
formation/growth. The flux analysis can provide a metric to quantify species activity during
element (e.g. C) transformation and gain insights into the privileged reaction pathways. The
instantaneous element flux of the C atom from species j to species k through reaction 4,

j’:ﬁk, and the total element flux, C;_, are defined as

]’:_m = qi—ncx;go,k’ and Cj), = zl: C’;_ﬂg, (1)
where ¢; is the net production rate of reaction ¢, n¢ j, nc the number of C atoms in species
j and k, respectively, and N{. the total number of C' atoms in reaction i. To obtain global
information, a space-integrated flux is proposed as C;_j, = fOL Cjk(x)dr where x is the
spatial coordinate.

The conventional flux analysis is based on outflow flux. Specifically, the importance
of reaction pathway A — B is characterized by the ratio between the outflow flux from

species A to species B and the total outflow flux from species A. Starting from fuel species,
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e.g. CoHy, and tracking the outflow flux along with important pathways, the dominant reac-
tion pathways from fuel to products are identified. However, this methodology can not be
applied to identify the reaction pathways from fuel to Al as the production of Al is very
small compared to major products, e.g. COy and CO. For this reason, a backward flux anal-
ysis which is based on the inflow flux is adopted in this work. Note that normalizing each
inflow flux of species B by the total inflow flux to species B can qualitatively evaluate the
contributions of each parental species of species B to its carbon mass. Therefore, starting
from Al and tracing back the main source of C atom, it will finally end at fuel, CoH,, such
that the main reaction pathways from CyHy to Al can be identified. In this context, the
element flux pathway of C atom used in this work, A = B, represents that the contribution
of the species A to the carbon mass of the species B accounts for n x 100%.

It is straightforward that the analysis of PAH chemistry and soot prediction is directly
related to soot formation. As for the fundamental chemistry, it is generally accepted that it
could influence soot formation through the chemical kinetic perspective, e.g., the production

of some important small species and some large hydrocarbon species.

3. Results and discussion

In this section, a systematic analysis of chemical mechanisms for ethylene oxidation and
PAH formation is performed. First, the fundamental chemistry of the nine mechanisms is
first investigated in Section[3.1] through analysis of three performance indicators,i.e., IDT,
LFS, and ESR, combined with a sensitivity analysis to identify underlying differences in
the fundamental chemistry. Then, the predictabilities of the nine mechanisms to large
hydrocarbon species are examined and the differences in the pathways from fuel to Al are
identified through an element flux analysis of the carbon (C) atom in Section[3.2] Finally,

the sensitivity of soot prediction to the choice of mechanisms is examined in Section[3.3]

3.1. Fundamental chemistry

Previous studies have demonstrated that IDTs, LFSs, and ESRs of CoH,/air mixtures

are mainly determined by the fundamental chemistry [58]. Therefore, the three quantities are
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chosen as performance indicators of the nine mechanisms to examine their differences in the
fundamental chemistry. Figure compares predicted IDTs of premixed CoHy /air mixtures as
a function of initial temperature Ty at P = 1.1 atm, and ¢ = 1 and 2. The experimental data
from [30] is included for comparison. It is noted that the numerical and shock-tube IDTs are
determined at (dT'/dt)max and (dP/dT)max [30], respectively. As depicted in Fig.[2] while a
similar trend appears for all the mechanisms except for DLR/UT, significant differences in
IDT predictions are observed among the nine mechanisms. Specifically, the IDTs predicted
by the Naples, ABF and Aachen mechanisms are considerably longer than those predicted
by the other six mechanisms at both ¢ = 1 and 2, among which the Naples mechanism gives
the highest IDT, about two orders of magnitude higher than measured data. Moreover, the
IDTs predicted by the Stanford and Caltech (or KAUST and SJTU) mechanisms are very
similar, slightly larger than (or close to) the experimental data. On the other hand, the

lowest IDT's are predicted by the Polimi mechanism.

10° : . .
b =1 ¢ = 2 |—Naples
- -ABF
3 Aachen
=101}
? ---Stanford
o) -« Caltech
e)
o ~«-DLR/UT
2 10°%} KAUST
go —+-SJTU
— -=Polimi
102} ¢ Exp. data

0.8 0.85 09 0.8 0.85 0.9
1000/T) [1/K] 1000/T) [1/K]
Figure 2: Ignition delay times (IDTs) of CyHy/air at P = 1.1atm, ¢ = 1 (left) and ¢ = 2 (right) , in which
the numerical and shock-tube IDTs are determined at (dT'/dt)max and (dP/dT)max [30], respectively. The

maximum values of Ty are 1265 K and 1268 K for ¢ = 1.0 and 2.0, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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comparison is shown in the inserted figure. Experimental data from [45]. (For interpretation of the references
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To further investigate the fundamental chemistry, the LFSs of premixed CyHy/air pre-
dicted by these mechanisms are shown in Fig.[3] at normal temperature and pressure condi-
tions with ¢ = 0.5 to 3.0. The experimental data from [45] is also included as a reference.
It is seen that the LFSs predicted by the KAUST, Caltech, SJTU, Aachen and Stanford
mechanisms are in good agreement within a 10% relative error when scaled by the LFS
predicted by KAUST. This is indicated in the inserted figure in Fig.[3] The predicted LFSs
by the DLR/UT and Polimi mechanisms show deviations from the LFSs predicted by the
above five mechanisms at rich conditions (¢ > 1.5). Furthermore, the predicted LFSs by
the ABF and Naples mechanisms are obviously higher and lower, respectively, than those
by the other seven mechanisms. It is noted that the experimental data measured by several

groups at atmospheric pressure is also considered for comparison in Supplementary Material
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B. It is found that the uncertainties in chemical mechanisms are much more remarkable
than the uncertainties in the experimental data. Given that the objective of this study is to
reveal the uncertainties in chemical mechanisms, only one set of recent experimental data
measured by Huo et al. [45] is plotted for clarity.

Besides the IDT and LFS, ESR is also employed to understand the fundamental chem-
ical reactions of the nine mechanisms. For this purpose, the variations of maximum flame
temperature (Tay) with strain rates in the counterflow diffusion flame simulated using the
nine mechanisms are shown in Fig.[d The ESRs predicted by these mechanisms are listed
in the table inserted in Fig.[dl Figure[] shows different responses of Ty,.x to strain rate for
these mechanisms with the highest or lowest value of Ty from the Polimi or DLR/UT
mechanisms. Moreover, a large scatter in the ESRs is observed with a relative difference by
44% between the lowest ESR (1375/s from SJTU) and the highest ESR (1977 /s from ABF).

The above analysis of IDTs, LFSs, and ESRs clearly demonstrates significant differ-
ences in the fundamental chemical reactions of the nine mechanisms. To identify key
fuel-oxidation reactions that are responsible for these differences, the brute-force sensitiv-
ity analysis for IDT at ¢ = 2 is conducted. The sensitivity coefficients for the three most
positive and negative sensitive reactions in each mechanism are shown in Fig.[5] in which
a total of six reactions included in most mechanisms are selected and denoted as R1-R6
here (Note that a more detailed description about the sensitivity analysis results consider-
ing five most promoting/inhibiting reactions can be found in Supplement C). It is found
that reactions R1: H+O;=0+0OH and R2: CoH3+0O3;=CH,;CHO+O are the most important
promoting reactions in all of the mechanisms except for Naples and DLR/UT. Moreover,
R3: CoH54+05=CsH4+HO5, R4: CoH34+0,=CH;0+ HCO, R5: CoH4+0O=CH3+HCO and R6:
CoHy+H(4+M) =CyH5(4+M) are found to be top five inhibiting reactions in all of the mech-
anisms except for Naples and DLR/UT. It is noted that the sensitivity analysis of LFS is
also performed and similar results can be observed (see Supplement C). Based on the above
observation, it can be concluded that the dominant fuel-oxidation reactions in the Naples
and DLR/UT mechanisms are very different from the other seven mechanisms. This might

be one of the reasons why Naples predicts much longer IDT than the other mechanisms and
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DLR/UT predicts a remarkably different trend of IDT as shown in Fig. While the other
seven mechanisms share very similar ignition driving reactions, their predictions of IDTs are
still rather scattered. This could be attributed to diverse values of reaction rate coefficients
used in these mechanisms. Figure[f] plots the rate coefficients of two important reactions,
R2 and R4, as a function of temperature. Large discrepancies among the nine mechanisms
are observed not only in the values but also in the temperature dependency of the rate
coefficients, although the coefficients from the ABF, Stanford and Aachen mechanisms col-
lapse into one curve. Furthermore, the rate coefficients of R2 from KAUST, Caltech, SJTU
and Polimi exhibit different trends and are significantly lower than those from ABF, Stan-
ford, and Aachen. For R4, Caltech and SJTU yield a similar trend but they still differ
from KAUST and Polimi at 7' < 1000 K. Note that the Caltech mechanism is based on the
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Figure 5: Sensitivity of IDT for fuel-rich (¢ = 2) C3Hy/air mixture at P =1.1atm and T =1200 K.

Stanford mechanism, whereas the above results show a discrepancy in their fundamental

chemistry models. Besides, Fig.[7] shows the differences in rate coefficients of R1: H + Oy =
OH + H and CyH, + CH3 = CyHs + CH,4 between Aachen and Stanford. A considerable

deviation is observed. Figures[f] and [7] clearly demonstrate that although the fundamental

chemistry of Stanford, Caltech and Aachen is based on the same optimized GRI-Mech 3.0,

there are still some differences in their rate coefficients.

The results presented in this section show that the nine mechanisms exhibit different

performance in predicting canonical combustion properties, indicating the uncertainties in

the fundamental chemical reactions of the nine mechanisms, which can affect subsequent

PAH formation and growth. It is noted that the above analyses are limited to the CoHy/air

mixtures at normal temperature and pressure conditions. The comparisons for IDTs and

LFSs of CoHy/air and CoHy/air mixtures at wide thermodynamic conditions are presented

in Supplementary Material B. Significant deviations among the numerical predictions by

16




3 : . 12 . ;
C2H3+02:CHQCHO+O CQH3+02:CHQO+HCO
0
g Stanford \DLR/UT
<
@, 2 8l
80
« e -
o “,"_:_:-——
; Caltech Naples
% 3 /'/—
ST Al
S L7 roLvis”
Q .
=
‘ DLR/UT '--________CLa}tepﬂh SITU
0 - —_— " 0 POL[.M.I ............ :..T—..-.:.-.ﬂ.',l-«'--ﬂ-—-—u\l
500 1000 1500 2000 500 1000 1500 2000
T K] T K]

Figure 6: Rate coefficients of R2: CoHs + O = CHoCHO + O (left) and R4: CoHs + O = CH,O + HCO
(right). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

k= AT" exp(—E/RT)

—H+02=0H+H
- - C2H4+CH3=C2H3+CH4 ]

1.5
2
< 1t
g
9
2
~
g
<
= 0.5
2
0
500

Figure 7: Comparison of rate coefficients between Aachen and Stanford for R1: H + O, = OH + H and

CyH4 + CH3 = CyH3 + CHy.

different chemical mechanisms are also observed. Moreover, the scattering patterns in the

predictions for LFSs and IDTs of CyHy/air mixtures at elevated temperature and pressures

1000

T [K]

17

1500 2000



are similar to those at normal temperature and pressure conditions. In this sense, the
differences in the performance of the nine chemical mechanisms at elevated temperature
and pressure conditions are also largely attributed to uncertainties in the sensitive reactions

and their reaction rate coefficients identified in this section.

3.2. Aromatic chemistry

In this section, the soot-free CoHy/Ny-air counterflow diffusion flame [46] described in
Section|2.1] is simulated to investigate the reaction mechanisms of aromatic species in the
nine mechanisms. Figure[§|shows the distributions of measured and simulated mole fractions
of some intermediate species and soot precursors. While all the mechanisms give good and
according predictions of main species distributions (such as CoHy, CO and COs, see Sup-
plement D), their predictions on intermediate species and aromatic precursors show large
scattering. It is seen that the differences in the prediction of A2 or A4 among these mecha-
nisms are significant. For peak A4 mole fraction, the highest value predicted by DLR/UT is
about five orders of magnitude larger than the lowest value predicted by Aachen/Stanford.
Compared to soot precursors, the differences in predicted small intermediate species are
relatively moderate but still noticeable. The comparison for some important radicals, such
as C3Hs, n-C4Hj, i-C4Hs and phenyl can be found in Supplement D. Significant differences
in the predictions of these species by the nine mechanisms are also observed. It will be
shown later in the pathway analyses for A1 and Cs;Hg formation that these species are of
great importance in the formation of A1l and large aromatics, such as the combination of
two C3Hj radicals and the reaction between CyHy and n-C,Hjs/i-C4Hs.

Furthermore, Fig.@ plots the characteristics time scales (7.) for some critical species,
namely CO,, CoHs, A2 and A4, in mixture fraction space. Given that the combustion
process is mainly controlled by slow reactions, the emphasis is placed on 7, in the vicinity
of stoichiometric mixture, where 7, reaches its lowest value. For the major species, COs,
T. obtained in the nine mechanisms are close to each other, while for intermediate species,
CyHs, 7. predicted by DLR/UT is much larger than the other mechanisms. For larger

hydrocarbons, e.g., A2 and A4, 7. predicted by various mechanisms span a larger range,
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which is consistent with the results in Fig.[§|

The above results demonstrate diversity in PAH chemistry in the nine mechanisms. In
order to further investigate PAH chemistry, the element flux analysis of the C atom is per-
formed to identify the pathways from CyHy to Al, as shown in Fig.[I0] The species Al is
chosen here because it can serve as a connection between fuel oxidation and PAH forma-
tion/growth. It is seen from Fig. that for ABF, Polimi, Stanford and Aachen mechanisms,
A1 primarily originates from C3Hg, either via the recombination of two C3Hj radicals (in
ABF and Polimi) or via an intermediate reaction where two C3Hs radicals form fulvene
(C5H4CHy) which then isomerizes to Al (in Stanford and Aachen). Note that in ABF,
Stanford and Aachen, C3H3 is mainly produced from acetylene (CoHsy) while in Polimi, the
H-abstraction reactions from allene (a-C3Hy) to C3Hjy is of primary importance. For Caltech,
although A1l is also dominantly produced from C;H4CHy similar to Aachen and Stanford,
the formation pathway for CsH4CH, is augmented through the reaction between CoHs and

n-C4H;/i-C4Hs. In contrast, for DLR/UT Al is directly produced via the reaction be-
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tween CyH,y and i-C4Hs without the involvement of CsH4CH,. Unlike the above mentioned
mechanisms, Al is mainly formed from CgH;CHj through the H atom addition reaction
(i.e., C¢HsCH3+H=A1+4+CHj3) in Naples. For KAUST, multiple Al formation pathways are
observed, in which C3Hjs, C4H5-2 and C¢H5CHj contribute equally to Al formation. On the
other hand, for SJTU A1l dominantly originates from C4H,, CsH3s and CyHs in descending
order, which is fundamentally different from the above identified pathways. The compari-
son of A1 formation pathways reveals that there are substantial differences in A1 formation
pathways among the nine mechanisms, especially in terms of the dominant source of small
molecules.

Moreover, Fig.[10| shows the importance of the small species, i.e., CoHs, in the Al forma-

tion process. Since the H-Abstraction-CyHp-Addition (HACA) mechanism is considered in
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both PAH formation and soot surface reactions, it is expected CoHy can play an important
role in various sub-processes of soot formation and thus is a very important small species for
soot prediction. Owing to the uncertainties in the fundamental chemistry, the predictions
of CoH, from the nine mechanisms show significant differences, which leads to differences in
A1 formation pathways demonstrated by the element flux analysis of the C atom. This fur-
ther indicates the importance of the fundamental chemistry in the development of aromatic
chemistry and subsequent prediction of soot formation.

It is noted that the pathway flux analysis for C5 rings (i.e., C5Hg) is also performed (see
Supplement C), in which substantial differences in C;Hg formation pathways are observed
as well. It is found that for the ABF, Naples, Aachen, Stanford, Caltech, and SJTU mech-
anisms, CsHg is mainly produced from A1 via the following pathways: Al— A10 (CgH;50)
— CsHg. Therefore, the differences in CsHg formation pathways can be largely attributed

to the differences in the formation pathways of Al.
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3.3. Soot prediction

To further investigate PAH chemical reactions of the nine mechanisms, sooting counter-
flow CoHy/air diffusion flames at a = 37.5/s and a = 62.5/s [47] are simulated. It is noted
that all mechanisms are coupled with the same soot model using the same model parame-
ters required to describe nucleation, condensation, surface growth and oxidation processes.
This enables the following comparisons to focus on the impact of chemical mechanisms
on soot prediction only. Figure[l1] shows the comparison of computed and measured soot
volume fractions (fy). It is seen that all mechanisms predict the position of the peak fy
at approximately x=3.0mm. Nevertheless, Fig.[11] clearly demonstrates large differences
in fy predictions among the nine mechanisms. Overall, a good agreement is obtained for
DLR/UT, Polimi and KAUST, while the other mechanisms significantly under-predict fy .
The highest peak fy predicted by DLR/UT is about 60 times larger than the lowest value
predicted by ABF. The DLR/UT gives a much higher prediction on f, because it predicts a
much higher value of CoHy than other mechanisms, as shown in Fig.[8l On the other hand,
the predictions for the position of soot inception and the zone where soot is present also
show considerable scattering. In summary, it is found that the predicted fy is very sensitive
to the choice of mechanisms and that large differences exist among the predictions from the
nine mechanisms.

In order to identify the dominant sources that introduce the discrepancies in soot predic-
tion, Fig.[12shows the growth rates of soot volume fraction via the surface reactions and the
sum of PAH-based growth (nucleation and condensation). The soot oxidation is negligible
compared to other processes and thus is neglected here. From Fig.[12] it can be seen that the
growth rate from surface reactions is comparable to that from PAH-based routes, although
the former is limited to a narrower spatial range compared to the latter. Besides, the devi-
ation between the growth rates predicted by the mechanisms is also significant. Therefore,
the differences in predictions for the growth rates of PAH-based routes and surface reactions
both contribute to the large deviation in soot predictions observed in Fig.|L1]

To explain the impact of PAH chemistry on the predicted fy/, the consumed mass of PAH

in the whole domain is summarized in Fig.[I3|for the nine mechanisms. It is seen that PAHs
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containing 2-rings (e.g. A2 and A2R5) play a dominant role in soot formation for all the
mechanisms except KAUST and DLR/UT. Nevertheless, the consumption of 2-ring PAHs
predicted by different mechanisms varies largely, e.g. 45 mg in Polimivs. 7mg in Aachen and
Naplesvs. 2.2mg in ABF, leading to significantly different peak fy in Fig.[I1l Moreover,
for DLR/UT and KAUST, there is a considerable conversion from PAH to soot, especially
from large PAH species. This indicates that including PAHs larger than A4 promotes soot
formation in DLR and KAUST. For Polimi, although only A1-A4 are included similar to
ABF, Stanford, and Naples, A2 and A2R5 are formed more faster than other mechanisms

(see Fig.[9), which results in a higher fy-.
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Figure 13: Consumption of PAHs per unit time in sooting CoHy/No-O2 counterflow diffusion flame at
a = 62.5/s and P = 1 atm.. The color from blue to red indicates the increase in PAH consumption. The
gray line goes through the most consumed PAH in each mechanism.

Furthermore, the ability of mechanisms to capture the sensitivity of the peak fy to strain
rate is assessed. The sensitivity coefficient is defined as dlog( fv,peax)/da [34]. Figure[14shows
the results from DLR/UT, KAUST, Caltech, SJTU, and the experiment. While Caltech and
SJTU significantly under estimate fy, they reasonably predict the sensitivity. In contrast,
DLR/UT could not capture the sensitivity, while it has good performance in predicting fy .
In this sense, it cannot be easily concluded which mechanisms are better than the others,

as each mechanism has its own advantages and disadvantages in predictions of fy and its
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sensitivity to strain rate.

4. Conclusions

In this work, a systematic analysis of CoH, mechanisms denoted as KAUST, Stanford,
Aachen, Polimi, ABF, DLR/UT, Naples, Caltech, and SJITU, which have been widely used in
the soot community, is performed to investigate their differences in fundamental chemistry,
PAH chemistry, and soot prediction.

It is found that the nine mechanisms exhibit large differences even in predicting canonical
combustion properties (e.g.,ignition delay time, laminar flame speed, and extinction strain
rate), indicating significant diversity in the fundamental chemistry of the nine mechanisms.
The results from the sensitivity analysis show that the dominant fuel-oxidation reactions in
the Naples and DLR/UT mechanisms are different from the other seven mechanisms, which
makes Naples (or DLR/UT) predicting much longer IDTs (or different trends of IDT).
Moreover, while the other seven mechanisms share very similar dominant fuel-oxidation

reactions, their predictions for IDTs and ESRs are still rather scattered, which is attributed
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to variations in the rate coefficients of sensitive reactions used in these mechanisms.

Soot precursor concentrations predicted by the nine mechanisms show large scattering.
The backward element flux analysis of the C atom is conducted to explain the differences in
PAH chemistry. The results indicate substantial differences in A1 formation pathways among
the nine mechanisms. It is found that Al primarily originates from the recombination of
two C3Hs in ABF and Polimi or from an intermediate reaction where two C3Hj3 form fulvene
which then isomerizes to A1 in Stanford, Aachen, and Caltech. Unlike Stanford and Aachen,
the formation pathway for fulvene is augmented in Caltech through the reaction between
CoHy and n-C4Hj5/i-C4H;, which can promote Al and PAH formation. In contrast, Al can
be directly produced via the reaction between CyHsy and i-C4Hs in DLR/UT without the
involvement of fulvene. Unlike the above mentioned mechanisms, A1 is mainly formed from
CgH5CHj3 through the H atom addition reaction in Naples. For KAUST, multiple pathways
for A1l formation are observed, in which C3Hs, C4H5-2 and CgH5;CHj contribute equally to
A1l formation. For SJTU, Al dominantly originates from C4H4, CsH3 and CyHjs, which is
fundamentally different from the above identified pathways. The element flux analysis clearly
shows the importance of small species CoHy for A1 formation. Owing to the uncertainties
in the fundamental chemistry, the predictions of CoHy from the nine mechanisms show
significant differences, which leads to the differences in A1 formation pathways demonstrated
by the element flux analysis of the C atom. This further indicates the importance of the
fundamental chemistry in the development of aromatic chemistry and subsequent prediction
of soot formation.

Furthermore, it is found that PAHs containing two rings play a dominant role in soot for-
mation for all the mechanisms except KAUST and DLR/UT. Nevertheless, the consumption
of two-ring PAHs predicted by different mechanisms varies largely, leading to significantly
different soot volume fractions. Compared to the other seven mechanisms, DLR/UT and
KAUST predict higher soot volume fractions due to notable contributions of PAHs larger
than A4. Moreover, it is found that while Caltech and SJTU significantly under estimate
fv, they reasonably predict the sensitivity of soot formation to strain rate. In contrast,

while DLR has good performance in predicting fy, it could not capture its sensitivity to
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strain rate. In this sense, it cannot be easily concluded which mechanisms are better than
the others in terms of soot prediction.

The above conclusions demonstrate that despite substantial advances in the develop-
ment of CoHy oxidation and PAH formation chemistry, the existing mechanisms still exhibit
considerable differences in both fundamental and PAH chemistry, leading to significant vari-
ations in soot predictions when using the different mechanisms. These results suggest that
the fundamental chemistry should be calibrated or improved before further development of
PAH chemistry and soot models.

In summary, the present study provides the following contributions to the field of ethylene

reaction mechanism and soot modeling:

e This study performs a comprehensive and systematic analysis of chemical mechanisms
for ethylene oxidation, PAH formation, and soot prediction. The fundamental chem-
istry and PAH chemistry in the nine chemical mechanisms are assessed respectively.
The results have demonstrated that there are great uncertainties in the fundamental

chemistry of different chemical mechanisms.

e The dominant fuel oxidation reactions in these mechanisms are identified, and the di-
verse values of reaction rate coefficients used in these mechanisms are observed. There-
fore, the difference in the reaction rate coefficients of dominant fuel-oxidation reactions
(R1: H+0,=040H, R2: CoH3+05,=CH,CHO+0, R3: CoH5+05=CyH4+HO9, R4: CyH3
+0,=CH,0+ HCO, R5: CoH4+0 = CH3+HCO, and R6: CoHy+H(+M) =CoH5(+M))
could be the source of uncertainties in the fundamental chemistry. This suggest that
the fundamental chemistry should be calibrated or improved before further develop-
ment of PAH chemistry and soot models. This calls for the input from the researchers

who have expertise on the development of chemical kinetics.

e Various analysis methods have been adopted in the present study, and a novel element
backward flux analysis is conducted to identify the pathway from fuel to benzene. The
present study could serve as a reference when conducting such systematic analysis of

chemical mechanisms for other fuels.
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It is noted that the analysis of chemical mechanisms for fuel oxidation and PAH formation
is investigated in this work only for ethylene/air mixtures at a normal temperature and
pressure condition. It would be of great interest to explore the differences of the nine
chemical mechanisms in more complex hydrocarbon fuel/air mixtures and to examine the
nine mechanisms under high temperature and pressure conditions, which will be the focus

of future work.
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