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Even for processes with only a few gas species involved the detailed description of plasma-assisted
conversion processes in gas mixtures requires a large amount of processes to be taken into account
and a large number of neutral and charged particles must be considered. In addition, setting
up the corresponding reaction kinetics model needs the knowledge of the rate coefficients and
their temperature dependence for all possible reactions between those species. Reduced reaction
networks offer a simplified and pragmatic way to obtain an overall reaction kinetics model, already
useful for the analysis of experimental data even if not all details of chemistry can be covered. In
this paper we present a derivation of a data driven reduced model for plasma-assisted conversion of
methane in an helium environment. By consideration of a small number of elementary reactions,
a simple model is set up. Experimental data are analyzed by a genetic algorithm that provides
best-fit approximations for the open parameters of the model. In a further step non-relevant
parameters of the model are identified and a further model reduction is achieved. The data driven
analysis of methane conversion serves as an illustrative example of the proposed method. The
parameters and reaction channels found are compared with known results from the literature.
The method is described in detail. The main goal of this work is to present the potential of this
data driven method for a simplified and pragmatic modeling in the increasingly important field
of plasma-assisted catalytic processes.
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I. INTRODUCTION

Reaction kinetic models allow far-reaching predictions
of complex chemical processes. The description on the
basis of reaction kinetics has a tradition of decades and
an enormous amount of literature exists on this topic and
special applications. A starting point for the reader to
get more information on this might be Refs. [1; 2] and
the references therein. Still, the determination of rate
coefficients is in the center of attention when creating
reaction kinetic models. Although several quantum me-
chanical approaches allow for a number of conclusions,
it is not always possible to build a complete reaction ki-
netic model completely on the basis of ab initio theories.
Furthermore, extensive statistical analysis of experimen-
tal data is required to support or supplement theories.
This is mostly complicated by large numbers of species
and reactions involved. The present work discusses an
approach for data driven analysis of experimental data
of plasma-assisted processes, which allows to derive re-
duced models in a simple way. When selecting a data
evaluation method it is essential to know whether a de-
tailed knowledge of the species involved is available or
whether only a few of the reactants and products involved
can be observed. Furthermore, it makes a decisive differ-
ence whether a time series of concentrations of individual
species is available or only stationary states can be mea-
sured. In order to cope with these difficulties, we focus
on the application of genetic algorithms to analyze the
experimental data. The flexibility and robustness of the
method is reflected by an enormous number of publica-

tions from various scientific disciplines on the application
and concrete design of genetic algorithms. Useful refer-
ences on the basic ideas and practical implementation
are given by Refs. [3-7]. Examples of applications in the
field of reaction kinetics can be found in Refs. [7-16]. Es-
pecially Lapene et al. [16] give a very good overview of
applications and methods in chemical physics. These ref-
erences are given to name just a few and without claiming
to be exhaustive. The particular details of the method
depend on the problem at hand. In the present data
driven analysis we face the problem of being able to track
only a small number of species in the plasma-assisted
conversion of methane, but with a rather good time res-
olution. In addition, data are available from different ex-
periments in which individual reaction parameters were
varied. The goal is, on the one hand, to find a suitable set
of only a few reactions to describe the conversion process,
and on the other hand, to find the appropriate rate coef-
ficients. Both can be achieved by the genetic algorithm
that is presented. In Sec. IT the concrete experiment and
the data available are described. Then, in Sec. III the de-
tails of the method are presented, i.e. how the reaction
kinetic model is set up and how the genetic algorithm
is constructed. Sec. IV contains numerical results and
Sec. V a discussion of the possible conclusions for further
steps in model refinement. In Sec. VI the main results
are summarized.



Il. EXPERIMENTS ON PLASMA-BASED TREATMENT OF
A METHANE CONTAINING GAS STREAM

Recently, experiments were conducted to study a pre-
treating of hydrocarbon exhaust gas using a plasma pro-
cess [17]. The intent was to study a process in which
CH, is oxidized into CO and COg while simultaneously
consuming existing Os, therefore providing a kind of gas
cleaning. For this purpose a radiofrequency (RF) atmo-
spheric pressure plasma was generated in a plug flow
reactor and various gas mixtures of Oz, CH, and He
were fed into it. Helium was the dominant species, so
that O, and CH,4 were only present in high dilution.
Infrared spectroscopy was used to analyse the plasma
conversion. This high dilution has been chosen to keep
the number of relevant species small, as secondary re-
actions/polymerizations can be expected to be unimpor-
tant. By this means it was possible to monitor CHy4 as
well as the reaction products CO, COy and HyO. De-
tails on the experimental setup used and discussion of
the experimental data can be found in [17] and references
therein. In this paper, however, the aspect of data anal-
ysis will be in the foreground and the measured data will
be taken as given and not further questioned. The spe-
cial characteristics of the available data can be described
as follows:

e Complex plasma-assisted processes involving several
species can be adjusted by well-defined initial condi-
tions and power input.

e Well equipped experimental arrangements allow the
measurement of time courses of individual species.

e Despite the wealth of information obtained by varying
mixing ratios and plasma power, many species and
parameter ranges are not experimentally accessible.

From this general point of view, the evaluation of existing
experimental data resembles a very common situation,
which is why the method discussed here may also be of
importance for a number of other experiments, e. g. in
plasma-assisted catalysis, where the surface species on
the catalyst are usually not easy to access. The concrete
data to be analyzed in this work are partial time traces
of CHy, CO, COs and H>O which have been compiled
in various RF discharges where the plasma power and
the gas mixture have been varied. These data are sup-
plemented by measurements of concentrations at only a
single specific point in time, but obtained for several val-
ues of plasma power and initial gas composition. In total
a number of 269 data points are available from the cam-
paign reported in [17] containing scattered data of the
concentrations of CHy, CO, COs and HyO at different
times, plasma power and feed gas admixture.

I1l. MODEL DISCOVERY METHOD
A. Selection of the reaction network

First, a selection of the reactants and products to be
considered is made. From the combinatorial possibili-
ties of all unimolecular and bimolecular reactions, those
processes are selected that are stoichiometrically possi-
ble. In our example, a reaction network is built up for
a number of Ny = 9 species X, s = 1,..., Ny, namely
CHy, O, O, CO,, CO, Hy0, C, Hy and e~. According
to the stoichiometric selection rule a number of N, = 42
reactions are possible which are listed in Tab. III.A. The
corresponding rate laws for the species densities [X;] can
be written in the compact form

N, N,
X - Tix. v
8[8158] - ZVSW ky H[X;D]Vp’r ;oos=1,...,N; (1)
r=1 p=1

The stoichiometric matrix is given by the components
v and the rate coefficient for a particular reaction is
denoted by k.. Only a part of the densities [X;] are ex-
perimentally accessible and at the beginning of the eval-
uation we do not make any assumptions about the rate
coefficients k,. Inspection of the reactions of Tab. III.A
shows that the species densities obey the conservation
laws

[e”] = const. (2)
2 [CHy] + [H20] + [Hy] = const. (3)
[CH,] + [CO4] + [CO] + [C] = const. (4)
2[02] + [O] + 2 [CO2] + [COJ + [H20] = const. (5)

The conservation of electrons is due to the fact that it
is assumed that they participate in electron impact dis-
sociation only. It is to be noted that the combustion of
methane is a well-known system [18-21] with typically
very many species and reactions. Reaction pathways
have also been studied extensively for plasma-assisted
conversion including a large number of reactions and
species [22-26]. In our system, however, the dilution is
very high and the residence time is short. We therefore,
restrict ourselves to only primary reactions. Reactions
involving charged species such as ion molecule reactions
or electron ion recombination are neglected due to the
very low charge carrier density of 10'' cm™ in compari-
son to the neutral reactive species densities of the order of
10'7 cm~3. This model does not pretend to be complete,
but it exhibits important characteristics of the observed
processes. In the end, it represents a first and certainly
arbitrary step towards a pragmatic model that is to be
found here.



No. Reaction No. Reaction

R, |CHy — C + Hs + Ho R22|O+CO — O3 +C X
Re |[CO2 — O+ 0+ C X |Re3|CO + H20O — CO2 + He %* | X
Rs [CO2 — 02+ C X |R24|CO 4+ H20 — O2 + C + He X
R4 [CO2 — O+ CO %* | X |R25|CO + Hy — H20 4+ C X
Rs |[CO— O+C X |Re6|O02 + C —— CO2 X
R |Oo — O +0O Rs7|02 +C — O +CO ¥* | X
R7 |[H2 O — O + H» % |R2g| 02 + Ho — O + H20 * | X
Rs |[CH4 + O2 —— CO2 + Hz + Ha R29|O+ 0O — O X
Ro |[CH4 + O2 — CO + H20 + Ha R30|O+C — CO X
Rio|CH4 + O2 — H20 + H20 4+ C R31|0O + H20 — Oz + He X
R11|CHs4 + O — CO 4+ Hz + Ho X |R32|O + Hy — H20 X
Ri2|CHs + O — H20 + C+ He X [R33|H20 + C — CO + Ha X
Ri13|CO2 + CO2 — O2 + CO + CO X |R34|H20 + H2O —— Oz + Ha + Hao X
R14]O0 4+ CO3 — O +-CO X |R35|CHs +e¢& — C+Hs +Ho +e™ || X
Ri15|CO2 + H20 — Oz + CO + Hy X |R36|CO2+e” — O+ O+ C+e”

Ri16|CO2 + Hy —— CO +H-20 X |R37|CO2 +e7 —— Oy +C +e™

R.17|COs +Hs — O +-H20 +C X |R3g|CO2 +e= — O +-CO +e™
R1s|CO+CO — O +C+C X|R39|CO+e™ — O+ C+e”

R19|CO 4+ CO — CO2 +C X|R40|O2+e7 — O+ 0 +e” X
R20|02 + CO — O + CO> X |R41|HoO +e7 —= O+ Hy +e™

R21]O + CO — COq * | X |R42|CO2 +C — CO + CO X

TABLE I List of reactions taken into account in the full reaction net. The symbol X labels reactions which are taken into
account in the constrained model. The symbol % marks the reactions that form the minimal model.

B. Genetic algorithm for extraction of rate coefficients

The goal of our numerical calculations is to find rate co-
efficients k, that bring the results of the integrated rate
equations of Eq. 1 in the best possible agreement with
the experimental data. This represents a minimization
problem where the difference between calculated densi-
ties and the experimental results should be minimized for
all investigated time points, plasma power and starting
conditions simultaneously. To solve this problem, we use
a genetic algorithm which considers a population of N

chromosomes which carry a number of M genes. The
chromosomes are represented by vectors y,, i =1,..., N
with components y; ;, 7 = 1,..., M. Each chromosome

y; is a candidate solution for the minimization problem
considered and the genes represent model parameters to
be optimized. In our case where rate coefficients are the
model parameters, the components y; ; are given by the
relations

ki ;= 10V (6)

This choice ensures the positivity of the rate coeflicients
ki ; for any y; ;. The number of model parameters equals
the number of reaction rate coefficients, M = N,., such
that k;, is the 7th candidate solution for the reaction
rate k, in the rate laws of Eq. 1. The fitness F; of the
ith chromosome is defined by

Fi = exp (= fi/a) (7)

where ¢ is an appropriate normalization constant and f;
is a positive definite functional representing the deviance
of our reaction kinetic model

Nc
fi= qu (cig — éq)2 (8)
g=1

Here, ¢, denotes a measured density of some observable
species at a particular time and for particular experimen-
tal conditions. The density c;q is the corresponding nu-
merical result obtained by integration of the rate laws of
Eq. 1 using the ith candidate solution k; ., r =1,..., N,
for the rate coefficients. In total a number of N, con-
straints (experimental data points) is used to define the
fitness functional. The factor w, is a weight that makes
it possible to assign greater importance to certain ex-
perimental points. For example, the choice of a weight
wg = m, where m is an integer, would be equivalent to
the m-fold repetition of an experiment, providing always
the same result. An accumulated probability function P;
is introduced by

x5
Pi=" , i=1,...,N (9)
> F;

1

J

This means that if chromosome-indices ¢ are picked
randomly via the rule P,_; < r < P;, with uniform



random numbers 0 < r < 1, the resulting distribution of
indices reflects their fitness, i. e. more chromosomes with
high fitness are selected. The practical computation
then begins with a first guess for the rate coeflicients
k. and the evolution to the next generation of chromo-
somes, i. e. a refinement of solutions, consists of the
following steps indicated by roman numerals I to V. The
populations y,;, ¢ = 1,..., N resulting from the modifica-
tions of a particular step are also labeled by (I), ..., (IV).

Step 1. Hierarchy
The chromosomes y, are sorted with respect to their

fitness values F; and a resorted vector F, Z-(I)

following the ordering: Fi(I) > FZ.(JIF)I, i=1,...,N — 1.
¢y

This re-ordering defines the intermediate population y; .

is constructed

Step II. Selection
In the selection step the lower half of the population
(the solutions with small fitness) is removed and the
upper half is c%or)led. For the resulting population of
11

chromosomes y;

, ~ an accumulated probability function

P g computed according to Eq. 9 for the fitness

distribution Fi(H).
formally by writing

The selection can be expressed

11 I 11 I .
y(Qi—)lzyg) ) yéi):yl(‘) , 1=1,.

..,N/2  (10)
Step III. Crossover

First, the two best fit chromosomes are copied into the
next generation of offsprings.

A =y =y i

To obtain further N —2 offsprings, pairs are picked out by
taking into account the fitness probability. However, the
first partner in the pairing process is always the chromo-
some with the best fitness ygn). The second partner yg D
is chosen randomly according to the probability P,(LH),

but inbreeding, i. e. n = 1 is avoided. Then a crossover

for a particular pair ygn) and ySU takes place with a

probability p.. The gene index m for crossover is chosen

randomly in the range 1,..., M and offspings ygjli)l and

yéIjH), Jj=2,...,N/2, are obtained via the interpolating

crossover rule [7; 16]

111 11

il =yt =)y, (12)
111 11

vo = (L=r) gl +rylth, (13)

The interpolation parameter is taken as r = 1 for [ # m,
but for [ = m it is sampled from a uniform distribution
on the interval [0,1]. Note, that the choice » = 0 for
I = m would result in a simple exchange crossover.

Step IV. Mutation

For each chromosome yEHI), i=2,...,N (again i = 1 is

excluded to keep the best fit chromosome), a mutation
takes place with a probability p,, in a single gene. The
particular gene index m for mutation is chosen randomly
in the range 1,...,M and the mutation is realized by an
(I17) I6: 16]

incremental change of the component y;

yZ(I,I;) +7rA (Hm — yl(lg)) if >0
v
Yim = (14)
yflyg) +7rA (y(m) — Lm) if r<0

7,m
The values of H,, and L., denote prescribed upper and
lower bounds for the mth model parameter. A uniform
random number —1 < r <1 and a prescribed increment
0 < A <1 are used to compute the change in the gene.

Step V. Update

The resulting population y

The assignment ygw) — y, completes one evolutionary

step and the procedure begins anew until a certain
convergence criterium is fulfilled.

Iv)

9

is the new generation.

C. Parallelization issues

It is in the nature of genetic algorithms that an increase
in computational effort is often accompanied by an im-
provement in results or an acceleration of the computa-
tion. A large population allows a greater variance of pos-
sible solutions and this can lead to a faster and more ex-
tensive search in the solution space. Advantageously, par-
allel computer architectures can be used very well for this
purpose, since relatively simple parallelization strategies
are possible. One method which is easy to implement is
the island model [27], where the algorithm sketched in
Sec. II1.B is applied not only to a single population of N
individuals, but to a group of populations that are con-
sidered to live on different islands. In practice the islands
are different hardware processors. In our computations
we consider a number of N; populations, i. e. a number
of N; processors, each group consisting of N individuals.
For N, generations the islands are isolated and the algo-
rithms are used in an identical way on each island. The
only difference is in the sampling of random numbers.
Each island generates its own chain of random numbers
which differs from all other islands. This gives diverging
results for the best fit search results on the islands. After
N, evolutionary steps all individuals from all islands are
evaluated together and a global ranking is established.
Then the two best individuals of the global ranking re-
place the two best individuals of each island population.
After that the computation proceeds, again with differ-
ent random numbers on each island. This minimizes the
communication between the processors and introduces a
considerable extension of variants in the global popula-
tion. This implementation is easy and has been realized
by MPI routines [28].



D. Inclusion of plasma effects

The experimentally observed plasma effects are taken
into account by assumed electron impact dissociation
processes. Therefore, the electrons are an additional
species in the model and a fundamental part of the theo-
retical analysis. However, the electron density is hard to
determine experimentally. To find a reasonable descrip-
tion of the impact of electrons a linear relationship be-
tween the discharge power P and the electron density [e~]
is used. This means, that the number of electrons follows
a simple discharge characteristics and no saturation ef-
fects occur, where the energy of electrons might be fed
into other reaction channels for higher electron energies.
Such modifications would be possible by introduction of
additional model parameters to describe a more complex
relation between n, and P, but this will be analysed in
future studies.
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FIG. 1 Resulting distribution of numerically obtained points
vs experimental data points.

IV. RESULTS
A. Numerical setup for a reference case

As mentioned in Sec. IT and Sec. III.A, our numeri-
cal study considers a number of 269 experimental data
points, representing densities of CHy, CO, CO5 and H>O
at different times, plasma power and feed gas admixture.
The numerical regression model is based on an assumed
network with N,=9 species and N,.=42 reactions. For
the genetic algorithms a number of N = 20 chromosomes,
each with M =42 genes defines the population of a single
island. The computations are performed with N; = 8
processors until no significant change in the globally best
fitness is detected. The number of 20 chromosomes used
in the computations is just a compromise between ac-
ceptable computational effort (low N) and quality of pa-

rameter space exploration (high N). After several nu-
merical tests it was found that N > 20 does not change
the results anymore, i. e. the best fit quality could not
be increased. During the computation the islands com-
municate for the global ranking every N,=100 iterations
(generations). The probabilities for crossover and muta-
tion are chosen as p. = 0.6 and p,, = 0.9. The upper
and lower bounds for the model parameters y; ; are cho-
sen as L; = —15 and H; = 5 forall ¢ = 1,..., N and
j =1,...,M. Therefore, the rate coefficients are kept
in a range 107 < k, < 10°. Here, dimensionless co-
efficients k, result from a scaling of densities and time
in the calculations. The species densities are scaled by
a reference density ng = 6.0 - 10'6 cm =3, which is equal
to the nominal value of the density [CHy4] at the inlet,
and the time coordinate is scaled by the residence time
to = 6.92 - 1072 s, which is of the order of the typical
residence time of the plasma in the experimental device,
where v = 0.3 m/s is the flow speed and the plasma vol-
ume has a length of about 26 mm (see Ref. [17]). This
gives values for the scaled densities and times of the or-
der 1. As a starting guess for the rate coefficients just
a small number k, = 107° has been used for all reac-
tions 7 = 1,..., N,. The initial condition for the inte-
gration of the rate laws of Eq. 1, is prescribed by the
amount of CHy and O,. All other densities are initially
set to zero. The numerical integration of the rate laws is
done with the Fortran-Routine DVODE from the pack-
age ODEPACK [29]. Prescribing all rate coefficients, the
initial conditions and the time point of observation al-
lows to obtain the values for the densities c;q in the cost
functional Eq. 8 and to evaluate the fitness of each chro-
mosome in the population. The experimental data are
weighted with wgy = 1. Then one goes through all steps
of the algorithm as described in Sec. III.B. The Fig. 1
shows the distribution of numerically found data points
compared to the experimental ones. A perfect match
would lie on the straight line, but due to uncertainties in
the measurements actually this would mean overfitting.
Therefore, the regression gives a scattered distribution
close to the perfect match. To quantify the quality of the
regression the following parameters are introduced

1 (cqg — ¢q)?
SSR, = A Z % (15)
q=1 q
1N (=)
SSF2 = 5 BE (16)
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FIG. 2 Results for the time traces of the observable species CH4, CO2, CO and H2O without plasma (top left) and with plasma
power 0.55 W, 4.00 W and 7.00 W (ordered from top right to bottom right). The gas mixture at the inlet was O2:CH4=2:1.
The solid lines indicate the model results obtained with the raw model with 42 reactions. The squares mark the experimental

data.

Actually they all consider just the sum of squared resid-
uals (¢, — ¢)?, but in each case a different normaliza-
tion factor is used to get dimensionless measures. Note
that 1 — SSRj3 is identical with the so-called coefficient
of determination R2. The plot in Fig. 1 illustrates the
final distribution of numerical results vs experimental
data, therefore the convergence of the algorithm. The
results are shown and analysed in detail in Figs. 2 and
3. The corresponding measures for the residuals are
SSRy = 0.16, SSRy = 0.03 and SSRs = 0.06. All of
these measures demonstrate a fairly good quality of the
regression to fit the data points.

B. Regression of experimental data

The results of the regression with the numerical setup
of the reference case described in Sec. IV.A and shown in

Fig. 1 are plotted again in figures Fig. 2 and Fig. 3. This
time however, as density vs time and density vs plasma
power, respectively, together with the corresponding ex-
perimental results. It is clearly visible that the regression
curves reflect the experimentally observed trends for the
temporal evolution and the power dependence relatively
well. In Fig. 4 the numerically found temporal varia-
tions of the densities of Os, O, Hy and C are shown.
Even though these densities were not accessible experi-
mentally, derived data points for the densities of Hy, C
and O3 + O have been added which have been calculated
from the measured data using the assumed conservation
laws Eqs. 3, 4 and 5. It can be seen that also these in-
directly found data points are relatively well recovered
by the regression model. Of course, the results for the
densities of Oy and O are a model extrapolation and at
this point we would like to emphasize that these results
must be considered with caution as long as no further
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FIG. 3 Results for the power dependence of the concentrations of CHy, CO2, CO and H3O for different gas mixtures. The
figures are ordered from top left to bottom right. The solid lines indicate the model results obtained with the raw model with
42 reactions. The squares mark the experimental data. For HoO experimental data are available only for O2:CH4=2:1.

measurement points for O, and O can be added. In fact,
experience has shown that other sets of rate coefficients
and reaction channels provide similarly good agreement
with the experimental observations of CHy, CO,, CO
and HoO, but quite different results for the densities of
0,3, O, Hy and C. This is illustrated in Figs. 5, 6 and 7.
The results shown there are obtained with model assump-
tions different from the approach employed above. The
model underlying the results of Figs. 1-4 will be called
the “raw model”, where all 42 reactions of Tab. III.A are
used without further weighting (all w, = 1) or other con-
straints. Obviously, the raw model works reasonably well
to fit the data. However, it has been observed, that for
some different starting guesses k;, some slight conver-
sion can take place in the absence of plasma (top left
figure in Fig. 2). It is assumed that this is not really re-
flecting the experiments, even though a detailed proof is
missing. Therefore, an additional information is taken
into account: The model should not show any CHy-

conversion if no plasma is present. As a consequence,
the reactions Ry, Rg, R9 and Ry of Tab. III.A should
be discarded, i. e. k1 = kg = kg = k1o = 0. Accord-
ing to the experimental trends it is also assumed that
even for high plasma powers a finite amount of CO5, CO
and HO still remains. This requires that the processes
R3s, Rs37, Rss, R3g and R4 of Tab. III.LA are not in-
VOlVed, i. e. k36 = k37 = k?gg = k‘39 = k‘41 = 0. This
reduces the number of possible reactions in the model
to N, = 32. We will call this set of reactions the “con-
strained model”, even though it is just an assumption of
expected trends. At this point we would like to note that
the numerical algorithm also yields negligible rate coeffi-
cients for the corresponding processes, if the weights for
the data points corresponding to plasma power P = 0
are increased to w = 20 and additional (fictitious) points
are inserted for the densities of CO5, CO and H5O at
a power P > 8 W. This means that the algorithm was
able to identify these insignificant reactions as such, if an
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Egs. 3, 4 and 5.

appropriate constraint is taken into account. In addition
to this and to demonstrate how additional data points
which remove some uncertainties in the densities of Oq
and O comply with the observed data we combine the
constrained model with a specification of fictitious data
points, defining a mixture O5:0 for a time ¢t = ¢, > t;.
The parameter t, is chosen to represent a point in time,
when a stationary equilibrium is expected according to
previous observations. The parameter « is introduced to
prescibe the densities according to the following relations
which are a consequence of the conservation law Eq. 5

O], = & (So — 2[CO4], — [COJ, — [H20].) (19)
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[02] = (S0 — 2[CO2). — [COJ. — [H20],)  (20)

where 0 < a <1 and
Sop = 2[02]0 + [O]O + 2[002]0 — [CO]O — [HQO]O (21)

The indices 0 and * label the densities at time ¢ = 0
(initial conditions in the experiment) and time ¢ = ¢,
respectively. The parameter « is set to either 0 or 1.
These values represent the two limiting cases, in which
either [O], disappears and [O3]. fulfills the mass balance
(o = 0), or [Oz], disappears and [O], is constrained by
the mass balance (o = 1). We call these models the
a=0-model and the a=1-model, respectively. Finally, a
fourth model is considered which consists of only 6 reac-
tions, which are labeled by the symbol % in Tab. ITI.A.
This model was not the result of a systematic consider-
ation, but arose from the attempt to use only reactions
whose reaction rates are known from the literature. We
call this the “minimal model”. The plots in Fig. 5 show
exemplary results for the temporal evolution of the ob-
servable densities for a power of P = 4.00 W. For all the
four alternative models the fit curves match fairly well the
data points. This is confirmed by Fig. 6, where the entire
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FIG. 5 Results for the time traces of the observable species CHy4, CO2, CO and H2O with plasma power 4.00 W for four
model variants. Top left: constrained model, top right: a = 0-model, bottom left: o = 1-model, bottom right: minimal model.
The solid lines indicate the model results and the squares mark the experimental data. The gas mixture at the inlet was

O5:CH4=2:1.

set of fit results are compared to the experimental data.
The corresponding error quality measures SSR1, SSRs
and SSRj3 are given in the caption and show similar val-
ues as for the raw model regression. Although differences
in regression quality can be seen in individual species,
the overall quality remains similar. The same quality is
found for plots similar to those shown in Figs. 2-4 for the
other time series and plasma power scans. However, con-
sidering the extrapolated results for the non-observable
quantities shown in the plots of Fig. 7, large differences
between the models become visible. One can conclude,
that, depending on the concrete structure of the assumed
reaction kinetic model a variety of different solutions can
result, which fulfill the requirement of fitting CH,, COs,
CO and H5O similarly good. In the same way the sum
of densities of Oy and O shows only small variations On
the other hand, the ratio O5:0 depends very sensitively
on the model and on numerical details and also the con-

crete values for the rate coefficients can differ by orders of
magnitude depending on the specifics of the calculation.
As far as possible a comparison of rate coefficients from
our numerical calculations and literature values is under-
taken in Tab. IV.C and in the discussion in Sec. IV.D. In
fact, when applying genetic algorithms, one generally has
the problem of determining the optimum of possible so-
lutions and their quality. In the case considered here, the
problem seems most likely to be in the fact that the solu-
tion space is only insufficiently constrained. In the end,
the useful results only reflect that the proposed model
networks fulfill conservation laws Egs. 3, 4 and 5 which
fit the experimental data. The conservation laws intro-
duce a constraint on the densities of Hy (Eq. 3), on C
(Eq. 4) and on the sum 20,+0 (Eq. 4), but not on O,
and O separately. According to this general argumenta-
tion, also the differences in the models can be explained
for points in time far outside the experimentally observ-
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and SSR3 = 0.06, 0.08, 0.06, 0.08, respectively.

able time series and for very fast processes, which cannot
be resolved by experimental data. The findings up to
now can be summarized as follows:

e Satisfactory approximation of the experimental
trends was found using a raw model with 9 species
and 42 reactions and no additional information or
assumption used as constraint.

e The assumption that the plasma effects are de-
scribed by a linear relation of electron density and
plasma power and reactions including electron im-
pact dissociation works very well to take into ac-
count the dependence of species densities on plasma
power.

e The method provides good results for an interpola-
tion in the experimentally investigated parameter
range , i.e. for times t < tp, for a plasma power

0W < P < 8W, initial admixtures CHy:04 of 1:2,
1:1, 2:1 and 4:1 and for the species CH4, CO5, CO
and H5O.

The good agreement of the experimental data with
the regression model suggests that the conservation
laws the model implies are valid, i. e. Egs. 2 — 5 de-
scribe the experimental situation well. This result
is probably due to the fact that a high helium di-
lution was used in the experiments and thus the
number of species remained small.

Such good interpolation results are also compat-
ible with certain constraints imposed on species
that cannot be observed or for data points beyond
the experimental limit. This is demonstrated by
numerical analysis of four alternative models (the
constrained model, the a=0- and a=1-model and
the minimal model), which gives good regression
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solid lines indicate the model results and the squares mark the experimental data evaluated using the assumed conservation

laws Egs. 3, 4 and 5.

for the experimental data too.

e One can notice a sensitive dependence on numeri-
cal details when trying to determine the time de-
pendence of the species [O2] and [O], which cannot
be observed. This can be explained by the con-
servation law Eq. 5, because the model provides a
condition for the sum 2[O2] + [O], but not for its
individual parts.

e The lack of suitable constraints for improving the
unambiguity of the model results is also reflected in
the found number of relevant reaction mechanisms
and their rate coefficients. A wide range of reaction
networks and associated rate coefficients are com-
patible with a good regression of the experimental
data.

e However, the genetic algorithm offers the possibil-
ity to consider additional experimental data and
constraints in a very simple and flexible way.

In order to advance the modelling and to derive reliable
rate coefficients, further a priori information should be
included. In the ideal case detailed time traces of all
species of a proposed model can be observed. However,
before we get there, we want to emphasize the successful
application of the presented algorithm and discuss the
results of the model discovery in more detail.

C. Lower limit of O2-depletion

Even though the extrapolation to densities of O and
O separately is uncertain, the good interpolation of the
density of the sum 205 4+ O can be used to derive a lower



limit for the conversion of Os. For this purpose coeffi-
cients for Os-depletion are introduced as

_ . 109

Tipwe =1 0slo (22)
_ 2002+ [0] _ O]

Pmin - 1 - W - Ftrue - 2[02]0 (23)

The coefficient 'y, is actually the quantitiy of interest,
which tells us the amount of molecular oxygen, reduced
by the conversion process. For complete depletion one
finds I'y;ue = 1, whereas I'yye = 0 if no O9 has been lost
by production of COz, CO and Hy0O. Due to the lack of
knowledge of [O3] the true depletion is not known. But
one can give a lower bound for the depletion efficiency by
T 1nin, because Ity is always larger than I',,;,. This co-
efficient is plotted in Fig. 8 as a function of plasma power
and initial admixture ration [O2]o/[CHalo. It can be seen
that a complete depletion can be expected for a plasma
power almost proportional to the square of mixing ra-
tio, i. e. , the higher the initial content of Oz, the more
plasma power is needed to ensure reliable reduction.
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FIG. 8 Numerical values for the conversion coefficient I'yin
for the raw model as a function of plasma power and initial
admixture ration [Oz]o/[CHa]o.

D. Characteristics of the minimal model

The very surprising success of the minimal model gives
reason to have a closer look on the implications of this
good regression result. First we want to compare the
coefficients with values from the literature. The table
Tab. IV.C lists those reactions for which numerical val-
ues could be found in the NIST database [30]. They

12

are compared with the results of the regression with the
raw model and the minimal model. One recognizes that
the raw model reflects the negligibility of some reactions
quite well and recognizes some essential processes as such.
The minimal model, however, does not show this. The
numerical values are far away from the literature values.
From this it can be concluded that the raw model is quite
capable of identifying important reaction channels, but
that the minimal model should only be understood as
a fit model with effective rate coefficients. The reaction
channels in this very simple network should be under-
stood as effective overall reactions. On the other hand,
the simplicity of the minimal model allows an analytical
treatment of the steady state. Inspection of the corre-
sponding rate laws gives two possibilities for stationary
densities:

The first solution is given

[CH4] =0, [COg]=0, [CO]=0,
[HQO] =7 - [HQ] ’ [02] =0, (24)
O] =Z3 — 71+ [Ha], [C] =12

and a second solution is

_ k21 [CO] (Zs — [COJ)

[CHa =0, [COs] = ko1 [COl + kg
[H20] =0, [02] =0, [Ho]=2; (25)
0] = % . [C] = 25— [CO] — [CO]

If one assumes that only CHy and O4 are present at ¢t = 0
— like in the experiment — the constants Zi, Zo and Z3
are

Z1 = 2[CH4]07 Z2 = [CH4]0, Z3 = 2[02]0 (26)
Both solutions show a complete conversion of CH; and
O5. In the first case, the entire initial content of car-
bon has been transferred to C and the densities of CO
and CO are zero. In the second case the possibility of fi-
nite CO5 and CO densities remains, but HoO disappears
completely. However, the first solution can be excluded,
because if CH4 and Os have already disappeared, there
is no channel to transfer carbon from CO5 and CO to
C. Thus, any carbon present when CHy approaches zero
remains in the species COs and CO and there is no pro-
cess, which can decompose COs and CO together and
thus pushing both densities to zero. The composition of
the gas in the stationary state depends only on the ini-
tial values [CHylp and [O2]p and the ratio k4/ka1, which
might be expressed by measurable quantities of the final
state

ks 2[O2]o — [CO] — 2[CO.]
ka1 [CO,]

[CO] (27)
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0;+C—0+CO [1.16-10°

O+ Hy0 — Oz + Hy [3.22.10714

Reaction Regression Model |Literature |Third Body |Conversion Factor |Reference
raw minimal
CO; — O+ CO 4.26-107% |2.76-107*|4.51-107°7 X 1.45-107 8 cm®s ™! [31]
CO—0+C 1.31.107*2 8.62-10717° x 1.45:107 ¥ cm? 571 [32]
0+ CO — CO- 6.88-107* 4.10-107*{4.45-107* x 2.41-1073% cm®s™* [33]
O+0— 02 4.14.107* 4.46-10™" X 2.41-107% cm®s™! [33]
0+ CO2 — 02 + C0O|6.38:1077 3.18-1073 2.41-107 ¢ cm3s™! [33]
Oz + CO — O 4 CO2[5.93-10712 1.53-1073* 2.41-107 ¢ cm3 s 33]

6.03-1071(9.73.1072
O +Hy — O +H0 [7.41-107" [5.46-10713.35-10~*7
9.15-10~%7

2.41-107*¢ cm®s™! [34]
2.41-107 % cm3s™! [35]
2.41-107 ¢ cm3 s [35]

TABLE II Comparison of regression results for the scaled rate coefficients with corresponding scaled values from the NIST
data base [30]. The symbol x labels reactions with a third body involved. To compute the corresponding rate coefficients
a He-density of 1.0 - 10!° cm™® and a gas temperature of T = 298 K is assumed. The rate coefficients in physical units are
recovered by multiplication with the conversion factors. The last column gives the references provided by the NIST data base.

V. CONCLUSION AND NEXT STEPS

What was found in the previous sections? Consider-
ing the aspect of finding a suitable regression model able
to interpolate the experimental data, it was shown that
the genetic algorithm presented is capable of identify-
ing simple and small models. For different assumptions
about reaction channels, reactants and products, rate co-
efficients could be determined that allow to describe the
experimental data very well. Moreover, irrelevant reac-
tion mechanisms could be identified, thus providing an
indication for a further reduction of the models.

However, if one considers the concrete physical pro-
cesses underlying the model assumptions, it becomes ap-
parent that the numerical method is not able to identify
whether a reaction is physically meaningful. This has led
to calculated rate coefficients sometimes differing con-
siderably from known literature values (see Tab. IV.C,
where a few rate coeflicients match quite well and others
deviate strongly). Also, various well-functioning models
sometimes contradicted each other considerably. An ex-
treme example of this is the minimal model, which gets
by with a very small number of reactions and neglects
mechanisms that are relevant in other useful regression
models. It should be noted here that Ref. [17] also dis-
cusses a useful regression model that differs significantly
from those presented here. However, in our data driven
approach, the choice of the rate coefficients and their ab-
solute values is in the first order unimportant as along as
the model reproduces the data and allows some extrap-
olation. The comparison of individual rate coefficients
with literature values may then serve as an indicator for
open points in the model, whether further reaction mech-
anisms should be invoked in the future. At the moment
the data do not enforce us to that.

Nevertheless, the results for the Hy densities in Figs.4
and 7, for example, are not very satisfactory. The ac-
cumulation of Hy is not very likely in an oxidizing en-
vironment. A way out of this inadequacy, for example,

would be to consider hydroxyl OH as another reactive
species. Various studies have already shown that there
are many indications that OH plays an important role in
the conversion of CHy [23-25] and must also be consid-
ered as an important channel for the production of CO4
via the reaction pathway OH + CO — H + CO, [36].
Indeed, it would have been easy to include other species
like OH in the models and look at other reaction path-
ways. But this route would only have introduced more
unknowns into the models that would have to be clarified
by experimental data, i.e., the problem of extrapolation
to non-measurable quantities discussed in the previous
sections would have become even greater.

At this point, it is important to remember, that the
fundamental difference between a detailed forward cal-
culation and the model discovery algorithm is that in the
former case the rate coefficients and the reaction chan-
nels are specified, while in the latter only the reaction
channels are provided, and the algorithm looks for an
optimal solution of how these channels could be used by
the reaction network to reproduce the experimental data.
Physical laws can help by constraining the rate coeffi-
cients. But an educated guess about the basic reaction
mechanisms is essential if one wants to build a realistic
model that goes beyond the regression of a few measured
data.

Now what is the best way to use such a method? It
could be used to extend a model step by step as new
experimental data become known. The flexibility of the
numerical method makes it quick and easy to "try out"
additional effects that could serve as explanations with-
out having to calculate or guess rate coefficients. In addi-
tion, competing effects could be added to existing models
to investigate which reaction dominates a process, or un-
der what conditions, a reaction becomes irrelevant. An
important application is also in the identification of the
relevant experimental domains to compare different mod-
els. For the CHy conversion discussed here, a few mea-
surements of atomic or molecular oxygen would already



be sufficient to exclude some of the presented models as
unrealistic. Likewise, the measurement of Hy would pro-
vide information on whether, for example, a species such
as the hydroxyl OH is necessary to explain the experi-
ments. In addition, a refined evaluation of the results
from the genetic algorithm opens up the possibility of
learning more about the significance and correlation of
individual reactions. However, these refined methods are
being developed at the moment and will be presented in
a later paper. In this work, we have limited ourselves
to presenting the basic framework for this type of study,
which will be used further on for the analysis of plasma-
assisted processes.

VI. SUMMARY

In this work a reaction kinetic analysis of experiments
on the plasma conversion of CHy:O5:He gas mixtures in
RF discharges was carried out. The aim was to for-
mulate a model as simple as possible with few species
and reaction channels, which allows the representation
of experimental findings with only a few model parame-
ters. Furthermore, the model should be flexible enough
to consider future experimental findings and other infor-
mation (or assumptions) about the underlying processes.
To cope with both purposes, genetic algorithms prove
to be useful tools that allow not only the calculation of
model parameters but also the classification and compari-
son of different models. For the particular problem in the
context of the plasma-assisted processes in RF plasma
discharges considered here, a genetic algorithm has been
developed and implemented. The details of the numeri-
cal structure and practical application were presented in
detail. By considering a fairly extensive model based on
42 reactions and including the simplifying assumption
for the plasma effects, that only a few electron impact
dissociation processes are relevant, a fairly good match
with the available experimental data has been obtained.
This can serve as a basic framework for an analysis of
further models which can be derived from it. Some ex-
amples of model reductions have been presented in this
paper and have been examined and evaluated using the
genetic algorithm. All these discussed models are suit-
able to reconstruct the experimental data. However, the
predictions for species that cannot be observed and for
parameter ranges that are not supported by experimen-
tal data can differ considerably from model to model.
But this is not a fundamental problem, it only reflects
the gaps in the currently available data. As soon as new
data are added, it will be possible to use the contra-
dictory results to exclude certain models. Nevertheless,
the discussed examples show that our approach allows a
convenient numerical investigation of different model as-
sumptions within minutes or a few hours. In the sense
of the objective of reduced reaction-kinetic models, our
method allows to test different consequences of the model
assumptions in a clearly arranged way in order to verify
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the predictions later in experiments. Among the model
variants for the CH4-Os-conversion presented here, the
model with only 6 reactions is particularly noteworthy,
which partly allows analytical results. This allows a very
convenient verification of the hypotheses and gives a di-
rection for further investigations. In summary, the ge-
netic algorithm presented here is a very flexible and sim-
ple method to systematically develop a reaction network
for a variety of different plasma-assisted processes. The
Fortran routines used for the simulations presented here
can be obtained from the authors upon request.

Acknowledgments

This project is supported by the BMBF in the frame-
work of the L3 subproject of the Carbon2Chem con-
sortium and by the DFG (German Science Foundation)
within the framework of the Coordinated Research Cen-
tre SFB 1316 at Ruhr-University Bochum.

References

[1] C. Vallance, “An Introduction to Chemical Kinetics”, IOP
Publishing, 2017, ISBN 978-1-6817-4664-7 (ebook).

[2] T. Turanyi and A. S. Tomlin, “Analysis of Kinetic Reac-
tion Mechanisms”, Springer 2014, ISBN 978-3-662-44562-
4 (eBook).

[3] Z. Michalewicz, R. Hinterding and M. Michalewicz, “Evo-
lutionary Algorithms” in “Fuzzy evolutionary computa-
tion”, edited by W. Pedrycz, Kluwer Academic, 1997.

[4] A. D. Olinsky, J. T. Quinn, P. M. Mangiameli and
S. K. Chen, “A genetic algorithm approach to nonlinear
least squares estimation”, Int. J. Math. Educ. Sci. Tech-
nol., 35:2, 207-217 (2004).

[6] L. Chambers(Ed.), “Practical Handbook of Genetic Al-
gorithms”, Boca Raton: CRC Press (1998).

[6] Z. Michalewicz, C. Z. Janikow and J. B. Krawczyk, “A
Modified Genetic Algorithm for Optimal Control Prob-
lems”, Computers Math. Applic. Vol. 23, No. 12, pp. 83-
94 (1992).

[7] L. Elliot, D. B. Ingham, A. G. Kyne, N. S. Mera,
M. Pourkashanian and C. W. Wilson, “Genetic algo-
rithms for optimisation of chemical kinetics reaction
mechanisms”, Progress in Energy and Combustion Sci-
ence 30, 297-328 (2004).

[8] M .Cailler, N. Darabiha, B. Fiorina, “Development of a
virtual optimized chemistry method. Application to hy-
drocarbon/air combustion”, Combustion and Flame 211,
281-302 (2020).

[9] D. P. Searson, M. J. Willis and A. Wright, “Reverse En-
gineering Chemical Reaction Networks from Time Series
Data”, in “Statistical Modelling of Molecular Descriptors
in QSAR/QSPR”, edited by M. Dehmer, K. Varmuzza
and D. Bonchev, Wiley-VCH, 2012.

[10] M. Tsuchiya and J. Ross, “Application of Genetic Algo-
rithm to Chemical Kinetics: Systematic Determination
of Reaction Mechanism and Rate Coefficients for a Com-
plex Reaction Network”, J. Phys. Chem A 105, 4052-4058
(2001).



[11]

[12]

[13]

[14]

[15]

[16]

[17]

18]

[19]

[20]

[21]

22]

23]

K. Edwards, T. F. Edgar and V. I. Manousiouthakis,
“Kinetic model reduction using genetic algorithms”, Com-
puters chem. Engng Vol. 22 , 239-246 (1998).

S. Fatemi, M. Masoori and R. Bozorgmehry Boozar-
jomehry, “Application of Genetic Algorithm in Ki-
netic Modeling and Reaction Mechanism Studies”,
Iran. J. Chem. Chem. Eng. 24, 37 (2005).

A. Kadivar M. T. Sadeghi,R. Sotudeh-Gharebagh and
M. Mahmudi, “Estimation of Kinetic Parameters for
Hydrogenation Reactions Using a Genetic Algorithm”,
Chem. Eng. Technol. 32, No. 10, 1588-1594 (2009).

S. Tognazzi, M. Tristo, M. Tschaikowski and A. Vandin,
“EGAC: a genetic algorithm to compare chemical reac-
tion networks “;, GECCO ’17: Proceedings of the Genetic
and Evolutionary Computation Conference, July 2017,
Pages 833-840.

B. Niu, M. Jia, G. Xu, Y. Chang, M. Xie, “Efficient Ap-
proach for the Optimization of Skeletal Chemical Mech-
anisms with Multiobjective Genetic Algorithm”, Energy
& Fuels 2018, 32 (6) , 7086-7102.

A. Lapene, G. Debenest, M. Quintard, L. M. Castanier,
M. G. Gerritsen and A. R. Kovscek, “Kinetics Oxidation
of Heavy Oil. 2. Application of Genetic Algorithm for
Evaluation of Kinetic Parameters”, Energy Fuels 2015,
29, 2, 1119-1129 (2014).

T. Urbanietz, C. Stewig, M. Boke and A. von Keudell
“Oxygen Removal from a Hydrocarbon Containing Gas
Stream by Plasma Catalysis”, Plasma Chem. Plasma
Process. 41, 619-642 (2021).
http://combustion.berkeley.edu/gri-mech/; Gre-
gory P. Smith, David M. Golden, Michael Frenklach,
Nigel W. Moriarty, Boris Eiteneer, Mikhail Goldenberg,
C. Thomas Bowman, Ronald K. Hanson, Soonho Song,
William C. Gardiner, Jr., Vitali V. Lissianski, and
Zhiwei Qin http://www.me.berkeley.edu/gri_mech/.

I. A. Vardanyan and A. B. Nalbandyan, “On the Mech-
anism of Thermal Oxidation of Methane”, International
Journal of Chemical Kinetics, Vol. 17, 901-924 (1985).
K. J. Hughes, T. Turanyi, A. R. Clague and M. J. Pilling,
“Development and Testing of a Comprehensive Chemical
Mechanism for the Oxidation of Methane”, International
Journal of Chemical Kinetics 33(9):513 - 538 (2001).
Mantashyan, A.A., Makaryan, E.M. and Charchyan,
A.V., “Kinetic Analysis of the Oxidative Conversion of
Methane in Slow Combustion. I. Key Steps of the Chem-
ical Mechanism”, Combust. Explos. Shock Waves 55,
513-525 (2019).

M. Qian, W. Zhong, J. Kang, S. Liu, C. Ren, J. Zhang
and D. Wang, “Global modeling on partial oxidation of
methane to oxygenates and syngas in non-equilibrium
plasma”, Japanese Journal of Applied Physics, Volume
59, 066003 (2020).

A. Bogaerts, Ch. De Bie, R. Snoeckx, T. Kozak, “Plasma
based CO2 and CH4 conversion: A modeling perspec-
tive”, Plasma Process Polym. 2017;14:€1600070.

24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

15

Ch. De Bie, J. van Dijk and A. Bogaerts, “The Dominant
Pathways for the Conversion of Methane into Oxygenates
and Syngas in an Atmospheric Pressure Dielectric Barrier
Discharge”, J. Phys. Chem. C 2015, 119, 22331-22350.
L. M. Zhou, B. Xue, U. Kogelschatz and B. Eliasson,
“Partial Oxidation of Methane to Methanol with Oxygen
or Air in a Nonequilibrium Discharge Plasma”, Plasma
Chemistry and Plasma Processing, Vol. 18, No. 3, 1998.
J. Zhou, Y. Xu, X. Zhou, J. Gong, Y. Yin, H. Zheng
and H. Guo, “Direct Oxidation of Methane to Hydrogen
Peroxide and Organic Oxygenates in a Double Dielectric
Plasma Reactor”, ChemSusChem 2011, 4, 1095 — 1098.
A. L. Corcoran and R. L. Wainwright, “A Parallel Island
Model Genetic Algorithm for the Multiprocessor Schedul-
ing Problem”, Proceedings of the 1994 ACM/SIGAPP
Symposium on Applied Computing March 6-8, 1994,
pp-483-487, ACM Press.

The MPI Forum webpage, http://mpi-forum.org.
https://computation.llnl.gov/casc/odepack

J. A. Manion, R. E. Huie, R. D. Levin, D. R. Burgess Jr.,
V. L. Orkin, W. Tsang, W. S. McGivern, J. W. Hudgens,
V. D. Knyazev, D. B. Atkinson, E. Chai, A. M. Tereza,
C.- Y. Lin, T. C. Allison, W. G. Mallard, F. Westley,
J. T. Herron, R. F. Hampson, and D. H. Frizzell, NIST
Chemical Kinetics Database, NIST Standard Reference
Database 17, Version 7.0 (Web Version), Release 1.6.8,
Data version 2015.09, National Institute of Standards
and Technology, Gaithersburg, Maryland, 20899-8320.
Web address: https://kinetics.nist.gov/

Fujii, N.; Sagawai, S.; Sato, T.; Nosaka, Y.; Miyama,
H., “Study of the thermal dissociation of N20 and CO2
using O(3P) atomic resonance absorption spectroscopy”,
J. Phys. Chem. 93, 5474 - 5478 (1989).

Mick, H-J.; Burmeister, M.; Roth, P., “Atomic reso-
nance absorption spectroscopy measurements on high-
temperature CO dissociation kinetics”, ATAA J. 31, 671
- 676 (1993).

Tsang, W.; Hampson, R.F., “Chemical kinetic data base
for combustion chemistry. Part I. Methane and related
compounds”, J. Phys. Chem. Ref. Data 15 (1986).
Dean, A.J.; Davidson, D.F.; Hanson, R.K., “A shock tube
study of reactions of C atoms with H2 and O2 using
excimer photolysis of C302 and C atom atomic resonance
absorption spectroscopy”, J. Phys. Chem. 95, 183 - 191
(1991).

Karach, S.P.; Osherov, V.I.; “Ab Initio Analysis of the
Transition States on the Lowest Triplet H202 Potential
Surface”, J. Chem. Phys. 110, 11918 - 11927 (1999). J.
Chem. Phys. 110, 11918 - 11927 (1999).

J. R. Barker, J. F. Stanton and T. Lam Nguyen,
“Semiclassical transition state theory/master equa-
tion “kinetics of HO + CO: Performance evaluation”,
Int. J. Chem. Kinet. 2020;52:1022-1045.



