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Mechanism

Plasma can be used to enhance the reactivity of combustible mixtures at low temperatures. In this ar-
ticle, the chemical pathways predicted by three different reaction mechanisms are investigated for the
low-temperature oxidation of hydrogen and methane. To validate our model and the reaction mecha-
nisms, the numerical results are compared against experimental results in a diluted flow reactor. Our
model with all three reaction mechanisms predicts trends similar to those observed in the experiments.
Moreover, all predicted quantities show reasonable quantitative agreement with the experiments. Flux
analysis is used to identify the main pathways of oxidation at different temperatures. Three different
modes, each active in a different temperature range, are identified in the oxidation of hydrogen. When
the temperature is increased, these modes become increasingly self-sustained. Similarly, three different
pathways are identified in the oxidation of methane. Below 1000K, methane quickly removes hydroxyl
radicals from the radical pool, inhibiting self-sustained oxidation. From our analysis, we conclude that

plasma provides activation of the low-temperature chemistry by the generation of radicals.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Plasma-assisted combustion (PAC), has been researched exten-
sively in the past decades as a promising method for reliable
ignition and flame stabilization in challenging conditions [1-7].
Plasmas can enhance ignition and flame stability via thermal, ki-
netic and transport pathways [5,6]. Even though numerous arti-
cles have been published [8-13], no consensus has been reached
on the importance of these pathways [11,13]. For the activation
of combustion chemistry, non-equilibrium plasmas are considered
to be interesting. These types of discharges are characterized by
a high electron energy and relatively low gas temperature. These
high-energy electrons are hypothesized to efficiently dissociate fuel
and oxygen, producing initial combustion radicals [5,6]. A pop-
ular method for generating a strong non-equilibrium plasma is
via nanosecond repetitively pulsed dielectric barrier discharges,
e.g. [14-22]. Because dielectric barrier discharges allow for the cre-
ation of a strong non-equilibrium plasma, while also providing
control over the energy deposition. Even though numerous works
have investigated plasma-assisted combustion, no consensus has
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been reached on the mechanism by which plasma enhances com-
bustion [3,5].

A major challenge in the predictive modeling of PAC is the
development of a reliable plasma and low-temperature oxidation
chemistry [4-6]. Many authors have developed detailed chemical
models for plasma in several bath gasses [23-26]. When research-
ing PAC chemistry, it is required to combine one of these plasma
chemistries with a combustion mechanism, e.g. [14,16,17,27-31].
Then, several new reactions have to be introduced to capture the
interaction of electronically excited states and conventional com-
bustion species. These electronically excited states are created by
the plasma and carry significant potential energy, which signifi-
cantly accelerates the reaction rate of reactions in which they par-
ticipate. Due to its large popularity, some authors opt to use GRI-
Mech 3.0 [32] as the base combustion mechanism [27-29]. How-
ever, it is worth noting that the last release of GRI-Mech 3.0 has
been more than 20 years ago. Significant progress in understand-
ing hydrocarbon oxidation has been made since then, especially in
the low-temperature regime. Moreover, none of the optimization
targets used to develop GRI-Mech 3.0 are ignition experiments be-
low 1300K. This raises the question about the validity of the oxida-
tion pathways in GRI-Mech 3.0 at low temperatures, as it was not
developed for these conditions. To be clear, we are not questioning
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the validity of GRI-Mech 3.0 in conventional applications, as it has
proven itself as a relatively small but reliable mechanism.

Since the release of GRI-Mech 3.0, significant advances have
been made to improve our understanding of low-temperature ox-
idation. This has led to the development of several new mecha-
nisms, some popular examples are AramcoMech 2.0 [33-35] and
HP-mech [36,37]. The Aramco mechanism is developed over a
series of articles in a hierarchical fashion. First, the combustion
chemistry of H, and CO is modeled [33], which is then extended
with the combustion of methane, methanol, etc. [34]. The result
is a very detailed mechanism that is validated for a wide array of
fuels and conditions. These conditions include flow reactor experi-
ments down to 600K, i.e., temperatures relevant to plasma-assisted
combustion. Especially at low temperatures, AramcoMech is found
superior compared to GRI-Mech 3.0 [38,39]. HP-mech has been
used in fewer published research works but has been validated for
plasma-assisted combustion research, e.g., [16,17,40].

The ability of plasma to rapidly dissociate molecules at low
temperatures, allows them to activate reactions at low tempera-
tures. Exactly this chemistry activation is one of the main difficul-
ties in low-temperature oxidation experiments. Therefore, plasma-
assisted oxidation experiments can provide unique insight into
low-temperature oxidation pathways. In a series of papers, Tsolas
et al. [18,19,41] and Togai et al. [42] performed measurements of
plasma-assisted oxidation in a flow reactor setup. The flow reactor
experiments are conducted in a highly diluted Argon (Ar > 99% vol)
environment. These diluted conditions are ideal to study the ki-
netics of plasma-assisted combustion at a constant temperature, as
the chemical heat release is negligible. Due to the negligible heat
release, thermo-chemical plasma instabilities are avoided [43,44],
which makes it possible to generate a rather uniform plasma.
Though in [45] a OD model gave reasonable results for filamentary
plasma, we studied oxidation in a nearly homogenous plasma to
remove as many uncertainties as possible. Zero-dimensional mod-
els are ideal to study plasma kinetics as these are sufficiently af-
fordable to utilize detailed chemical mechanisms.

Performing plasma-assisted oxidation experiments in diluted
conditions does have its limitations, as the bath gas has an in-
evitable effect on the plasma chemistry [46]. This implies that in
the experiments of Tsolas et al. [18,19,41] and Togai et al. [42] the
plasma chemistry is driven by argon. As such, the chemistry in
these experiments is mostly driven by dissociative quenching of
electronically excited argon, producing conventional combustion
radicals. Similarly, in the experiments of Snoeckx et al. [30], where
an extremely lean (¢ = 0.01) oxygen/hydrogen mixture is oxidized,
the electronically excited oxygen chemistry is dominant. In con-
trast, in a follow-up study [31] where an extremely rich (¢ =
49.5) oxygen/hydrogen mixture is used, the chemistry is domi-
nated by hydrogen radicals. At the same time we should realize
that the chemical potential associated with an electronically ex-
cited state is lost within a couple of reactions and conventional
radicals are formed, e.g., [7,30,31,42,47], these radicals then take
part in the low-temperature oxidation chemistry. Therefore, differ-
ent bath gasses are required to study the plasma chemistry, but the
low-temperature oxidation chemistry studied under diluted condi-
tions can to a large extent be generalized.

In this article, we develop a thermodynamically consis-
tent [48] plasma chemistry mechanism. This mechanism is coupled
with three different combustion mechanisms (GRI-Mech 3.0, Aram-
coMech 2.0 and HP-mech). The mechanisms are time-integrated
with a 0D equivalent circuit model. This equivalent circuit model
is used to describe nanosecond dielectric barrier discharges. These
numerical results are compared to the measurements performed
by Tsolas et al. [18,19,41] and Togai et al. [42]. Since GRI-Mech 3.0
is not developed for larger hydrocarbons, only the oxidation of Hy
and CHy is considered. All mechanisms predict similar trends as
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observed in the experiments, but (significant) quantitative differ-
ences are present. The main differences to earlier numerical work
in this setup [42,47,49], is our sensitivity analysis on model pa-
rameters and our more detailed flux analysis. In this analysis, the
temperature dependence of different pathways is studied in detail.
From this analysis, we conclude that plasma can induce sustained
reactivity in H, and not in CH4 below the ignition threshold. With
sustained reactivity, we mean: significant reactivity (or continua-
tion of the oxidation) in the combustible mixture after plasma ac-
tivation.

2. Method

In this article, a flow reactor is modeled as used in the exper-
iments of Tsolas et al. [18,19]. The reactor is heated to a certain
temperature with a fixed flow of a highly diluted combustible mix-
ture blue(Xs, > 0.99). At the entry of the reactor, a DBD is placed
which provides plasma activation. We will assume that this is a
spatially homogenous plasma. After this plasma, the flow remains
at a constant temperature for some time before it is cooled. We
assume that the mixture does not react further while it is being
cooled and stop our simulations at the end of the constant tem-
perature section. At the exhaust of the flow reactor, gas samples
are captured and analyzed using a gas analyzer. It is assumed that
convective fluxes are much larger than diffusive fluxes and there-
fore the entire reactor can be modeled as a plug-flow reactor.

2.1. Governing equations

A zero-dimensional plug-flow reactor at constant pressure p
and temperature T, which has a density p is modeled. The posi-
tion inside the flow reactor x can be related to time t by assuming
that the flow velocity v is constant:

dx = vdt. (1)

For the flow velocity to be constant, the density changes must be
negligible. This is reasonable, as the energy deposition and chem-
ical heat release is low, such that the temperature is (nearly) con-
stant [19,41]. Togai et al. [49] modeled this reactor both as a con-
stant temperature reactor and an adiabatic reactor. They found that
the temperature rise is less than 35K in the adiabatic case and
should therefore not impact the results. Additionally, due to the di-
luted conditions, the changes in composition are only minor. Using
the transformation from Eq. 1 the conservation equations are writ-
ten in terms of time instead of reactor position. The species mass
fractions, Y;, for Ns species are computed via the conservation of
species:
dy;
dt —
where wj is the chemical source term (mol/m3s) and M; is the mo-
lar mass of species i.

One of the main challenges in 0D plasma modeling is estimat-
ing the deposited energy and reduced electric field. To model this,
we employ an equivalent circuit model [49,50]. The dielectric bar-
rier discharge is modeled as a capacitor (C4) and the gas as a ca-
pacitor (Cg) and a variable resistor (Rg) in parallel, see Fig. 1. When
the applied voltage Vj,(t) increases, a voltage drop over the dis-
charge gap is created, i.e., an electric field is induced. This electric
field accelerates free electrons in the gas, which results in chemi-
cal activation and ionization of the gas. When electrical breakdown
of the gas occurs (electron concentration is high) the resistance
of the variable resistor Ry reduces significantly. In a short time, a
large current, the conductive current (ic,q), runs through the gas
providing most of the coupled energy. This current short circuits
the gas-phase capacitor and quickly charges the dielectric capaci-
tor. Due to the charging of the dielectric capacitor, the voltage drop

0 wiM; for i=1,Ns, (2)



T. Hazenberg, J. van Dijk and J.A. van Oijen

R

Ltot

Fig. 1. A schematic representation of the equivalent circuit model employed.

across the discharge gap reduces, which removes the electric field
in the discharge gap. Finally, the cable resistance is modeled as an
Ohmic resistor (R¢). In our further discussion, we have used the
naming convention as presented in for example Pai et al. [51] and
Rusterholtz et al. [52]. This model has as input V,(t) and the di-
electric constants: Cy and Cg. The dielectric constants are depen-
dent on the experimental setup, which will be discussed later.

A set of algebraic differential equations is then solved to ob-
tain the plasma power. The voltage drop across the dielectric, Vj,
evolves as a function of the total current, i, Via

davy .
CdT; = ltot- (3)
Next, the voltage drop across the discharge gap (Vg) is given by
dvy . .
Cng = ltot — lcond- (4)

The displacement current, i.e., the current charging the gas phase
capacitor is given by igjs = itot — icong- 10 close this system of equa-
tions, conservation of current through a cable resistor is used,

Vp(t) = Vg — Vg _
R

In this equation (t) is used to indicate that V} is a user-defined
time-dependent function, while V4 and V; are solved via Eq. 3 and
Eq. 4. Eq. 5 is an algebraic equation, which balances the actual i
with that expected based on the voltage drop across the resistor.
The advantage of this formulation compared to the formulation by
Togai [49], is that this formulation ensures the conservation of cur-
rent. Moreover, the applied voltage is used instead of its derivative,
which provides two advantages:

itor + 0. (5)

1. The derivative of the applied voltage is not required, which al-
lows for much more arbitrary voltage waveforms

2. Numerical integration of a derivative can result in a drift of Vj,
which is avoided in this formulation.

The entire set of Ns + 2 differential Eqs (2,3 and 4) and 1 alge-
braic Eq. (5) is solved using Sundials IDA solver [53,54].

2.2. Closure

The ideal gas law is utilized to relate molar concentration to
pressure and temperature:

p
= . 6
C=RT (6)
Similarly, the density is computed as
_pmM

P = RT® (7)
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with M the mean molar mass of the mixture.
For the chemical source term (w;), consider a general chemical
reaction

N, N,
ZV;Q,-X:'@ZVZ.,-Xi, (8)
i1 i1

where v} ; and v}/, are the forward and reverse stoichiometric co-
efficients for species i in reaction k and x; the symbol for species
i. The rate-of-progress for this reaction is then given by:

Rk = kav,'C;}k'i — l_[ kb’iC:»}k'i, (9)

where k¢; and k;, ; are the forward and reverse rate constant fol-
lowing Chemkin [55] and ¢; is the molar concentration of species
i (¢; = pYi/M;). The chemical source term of species i is then ob-
tained via
N;
wi =Y W =V DR (10)
k=1

Additional plasma-based reactions are added to the conventional
Chemkin rate constants. These plasma-based reactions involve
electrons, whose reaction rate is dependent on the electron energy
distribution function (EEDF). The electrons can have a significantly
different kinetic energy (temperature) than the gas, as these are
easily accelerated by the electric field. As such, the kinetic energy
of the electrons is determined by the reduced electric field (E/N,
with N = cN,). Rate constants of reactions involving electrons are
therefore a function of the reduced electric field and the gas com-
position. In the cases of interest, the mixture composition does not
change drastically, such that the composition dependency is negli-
gible. Therefore, these rate constants are pre-computed using the
two-term Boltzmann solver Bolsig [56] and tabulated as a function
of E/N for use during the simulation. In the Supplementary Mate-
rials results are presented where this table is updated every five
discharges to validate this assumption.

The reduced electric field (Vm?) inside the discharge gap is
computed via

Vel

E/N dgan A (11)
with dgap the discharge gap height and N, Avogadro’s constant. The
gas-phase current i.,,q can then be computed using the electron
mobility, (e,

icond = CefleEAgap, (12)

where Agyp is the area of the discharge gap. Just as the rates of
reaction for reactions involving electrons, the electron mobility is
a function of the reduced electric field and the gas composition.
Therefore, it is also tabulated and retrieved during the simulation.

2.3. Reaction mechanisms

The chemistry used in this article is based on the work of [29].
However, several modifications are made: First, the thermody-
namic data of excited state species is corrected as outlined in
Hazenberg et al. [48]. Second, as the thermodynamic data of ex-
cited state species is now consistent, reverse rates of reactions with
excited state species are computed from thermodynamic princi-
ples. Third, the argon plasma chemistry is extended based on the
mechanism provided by Tsolas [57]. The rate of dissociative dis-
sociation of Ar* with H, and O, used by Tsolas et al. is close to
recent measurements by Winters et al. [20]. Fourth, three different
combustion mechanisms are used: 1) GRI-Mech 3.0 [32] as origi-
nally done in [29], 2) HP-mech [36,37] which is developed for low-
temperature kinetics and 3) AramcoMech 2.0 [33-35] which also
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Fig. 2. Schematic of the experimental setup with key dimensions [18,19].

includes a more detailed low-temperature description. Fifth, the
list of electron/neutral collisions is extended; now it involves Ar,
0,, Hy, CHy, O3 and H,0. The cross sections for these processes are
taken from LXCat [58], where Ar, O, and H, cross sections come
from the IST-Lisbon database [59], the CH4 set comes from Bouw-
man et al. [60] (which is an extension of Song et al. [61]) and the
03 and H,0 come from the Morgan database [62]. The authors re-
alize that the H,0 dataset from Morgan should not be used in Bol-
sig, as it does not include rotational processes. However, the con-
ditions of interest contain more than 99 %vol Argon. As such, the
overall electron-to-gas energy transfer and EEDF are predominantly
determined by the Ar cross sections. Therefore, neglecting the ro-
tational energy transfer does not (significantly) impact the overall
transfer, while electron dissociation, like

H,O+e - H+OH+e, (R1)

is included in this manner. As a word of caution, this invalidates
the mechanism in the presence of significant water vapor concen-
tration. All three mechanisms are provided in the Supplementary
Materials, including the tabulation of the electron reaction rate
constants.

3. Validation of model and mechanisms
3.1. Experimental setup

We validate our methodology and mechanism against the con-
stant temperature flow reactor experiments from Tsolas and To-
gai [18,19,41,42,49]. For a detailed description of the experimental
conditions and the setup dimensions, we refer the reader to those
articles. Here is a summary: A gas mixture flows through a 45cm
(L) long duct with a rectangular cross section at isothermal con-
ditions, of which the first 5cm (L,) can be treated by the plasma.
At the outlet of the reactor, the gas composition is measured with
a gas analyzer. The height of the discharge gap is 7mm (dgap) and
the width of the reactor is 9mm (W). The area of the discharge
gap, required in Eq. 12, is then Agayp = WL, Within this discharge
area, nanosecond discharges are generated by a DBD setup with a
frequency of 1kHz. In Fig. 2, a schematic is provided of these set-
up dimension.

The coupled plasma power is determined by the maximum
voltage (max(Vp(t)) = 10kV), the pulse rise-time and the dielec-
tric constants in the equivalent circuit model [63]. These param-
eters are estimated as follows: Using the parallel plate capacitor
formula and the setup parameters we estimate Cg = 0.57pF and
Cq = 4.05pF. The uncertainty of these parameters is relatively large,
the reason for which is twofold: 1) The uncertainty of the dielec-
tric constant of the involved materials is large. 2) The fact that
the discharge gap size is large compared to the width of the re-
actor means that the parallel plate formula is strictly not appli-
cable. Unfortunately, no coupled power measurements are avail-
able. Therefore, these estimated parameters can not be validated.
Though the cable resistance (R.) has a physical meaning, we have
mainly included it in the model to provide closure of the govern-
ing equations and improve numerical stability. For these simula-
tions, we have used R = 1m2 such that the results are not modi-
fied by it while maintaining numerical stability. The low value for

R¢ is equivalent to assuming that the voltage waveform is mea-
sured near the DBD instead of at the power supply. The voltage
waveform is obtained by fitting a Weibull function to the wave-
form provided by Togai et al. [49].

The temperature of the isothermal region is modified from 405
to 1260K, while the pressure is constant at latm. In each of these
experiments, the volume flow rate (at standard conditions) is iden-
tical such that the residence time (7) inside the reactor reduces
with temperature (7 = 510.3Ks/T and tp = 56.7Ks/T) [49]. As a re-
sult, 7, varies from 140 to 45ms and thus the number of plasma
discharges received by the mixture varies between 140 and 45.
Simulations can only be performed for an integer number of dis-
charges. This implies that it is only possible to simulate at discrete
values of the residence time, and thus discrete reactor tempera-
tures. Therefore, the rector temperature is increased in steps. The
temperature difference between two simulations can then be ob-
tained from

AN,

(Np — ANp)N,’
where N, is the number of discharges received by the mixture and
AN, is the difference in the number of discharges between sim-
ulations. Near the ignition temperature, we have performed sim-
ulations at every integer number of discharges, while below the
ignition threshold, we have performed simulations for every five
discharges.

AT = 56.7¢3 (13)

3.2. Electrical characteristics

To validate our equivalent circuit model we have performed a
simulation in pure Ar. The simulation is performed at latm and
600K with a peak voltage of 9.8kV, these values are taken from
Tsolas et al. [64]. Only in this simulation, a peak voltage of 9.8kV is
used, which matches the value provided by Tsolas et al. [64] while
earlier works report 10kV [18,19,42,49]. In the left frame of Fig. 3,
the applied voltage waveform and voltage across the discharge
gap are presented. The applied voltages are obtained from Tsolas
et al. [64] by converting the electric field, assuming a peak volt-
age of 9.8kV. The discharge gap voltage is obtained by assuming a
gap size of 7mm. A comparison is made between the present V,
and the model and measurement of Tsolas et al. [64]. The only dif-
ference between the present voltage waveform and that presented
in Tsolas et al., is that we used a Weibull function, while Tsolas
et al. used a Gaussian function. Both waveforms closely match the
experimentally measured waveform.

When comparing the voltage waveforms across the discharge
gap between our work and the model results of [64], some differ-
ences and similarities can be observed. In both, the present results
and the results from Tsolas et al. the voltage drop across the dis-
charge gap increases until t ~ 100ns. The increase in the voltage
has a similar shape as the voltage provided by the power sup-
ply. In both, the voltage drop across the discharge gap is slightly
lower than that delivered by the power supply, which is due to
the capacitance of the dielectric material. At approximately 100ns
electrical breakdown occurs, which can be seen from the sharp de-
crease in the discharge gap voltage. Breakdown occurs because the
electron concentration in the gap is sufficiently large such that the
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Fig. 3. Left) Applied voltage waveform (V) and voltage across the discharge gap (V;). Right) reduced electric field in the discharge gap (left axis), the coupled energy (right
axis) and the coupled + stored energy (right axis). All for a single discharge in pure Ar at latm and 600K. In blue is our modeling effort, in orange is the model result
presented in Tsolas et al. [64] and in green the power supply measurement by Tsolas et al. [64]. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

gas becomes conductive. Electrical charge quickly accumulates on
the dielectric material, opposing the applied voltage and thereby
reducing the gap voltage. In the results of Tsolas et al., electri-
cal breakdown of the discharge gap occurs slightly earlier and at
a slightly higher voltage. The small difference in gap voltage at
breakdown explains the difference in peak E/N, shown in the right
graph.

After the peak in applied voltage, the voltage in the discharge
gap becomes negative. As a result, the charge accumulated at the
dielectric material returns via the conductive channel back to the
power supply. In this second discharge (reflected pulse), some
amount of energy is coupled into the plasma at a low reduced
electric field, see the right frame of Fig. 3. The energy deposited
in the discharge gap (coupled energy) and the energy deposited in
the discharge gap plus the energy stored in the dielectric capacitor
(coupled + stored energy) are also included in the right graph. The
coupled energy is computed by integrating iconqVe, while the cou-
pled + stored energy is computed by integrating itotV) (t). Note that
the energy lost in the cable resistance R. is negligible due to its
low resistance. Two notable differences can be identified by com-
paring our modeling results to those in Tsolas et al. [64]: 1) The
stored energy before breakdown occurs is much larger in Tsolas
et al. than in the present results. This implies that the total cir-
cuit capacitance (Cg! = C;' +Cg') is much larger in their results.
2) The final coupled energy is larger in the results of Tsolas et al.
than in our results. This is most likely the result of a larger C4 in
their model. As a consequence, more charge is transferred during
breakdown and thus during the reflected pulse, which leads to a
higher coupled energy.

The deposited energy is an important parameter in plasma-
assisted oxidation/combustion as it directly determines how many
excited species can be produced. Unfortunately, no measurements
are available for the deposited energy in this experimental setup.
Tsolas et al. [64] do provide an estimate for the energy loading
obtained in two different ways: 1) estimation of the coupled en-
ergy via the model of Adamovich et al. [63] (referred to as model)
and 2) estimation of the coupled energy by matching the fuel con-
sumption (ethylene) (referred to as inferred). In our model, the
energy loading is computed by integrating i.,,qVg over the dura-
tion of the simulation. Within our framework the coupled energy
is computed for the entire range temperature range of the experi-
ments [18,19,41,42,49] and three mixtures:

1. Mixture of Xa; = 0.995, Xo, = 3000ppm and Xy, = 2000ppm
2. Mixture of Xp, = 0.9954, Xo, = 3000ppm and Xcy, = 1600ppm
3. Xpr =1

The coupled energy is computed for all three mechanisms and
is found to be nearly identical (< 0.5%).
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Fig. 4. Energy loading in joule of coupled energy per pulse per mole of gas. The en-
ergy loading is computed for: 1) the H, (see Section 3.3) and CHy4 (see Section 3.4)
experiments, drawn with a single line as these are nearly identical. 2) pure Ar, 3)
the model and 4) inferred results presented in Tsolas et al. [64].

In Fig. 4 the energy loading in joule per mole per pulse is com-
pared to those presented in Tsolas et al. [64]. The energy loading
of the H,/O,/Ar and CH4/O,/Ar cases very less than 2.5% over the
entire temperature range and are therefore drawn as a single line.
The model and inferred values provided by Tsolas et al. are signifi-
cantly higher than those predicted by our methodology. All model-
ing results indicate that the coupled energy is rather constant with
temperature, which is expected [63]. Several noteworthy observa-
tions can be made:

1. Our modeling results predict that the energy loading does de-
pend on the gas composition even in these diluted conditions.
The dependence on gas composition is due to electron attach-
ment reactions against oxygen. Electron attachment reactions
are very fast and can thus modify the electron concentration
even if Xo, is only 3000ppm.

2. Our modeling results are roughly half those predicted by the
model in Tsolas et al. [64]. This is most likely due to different
estimates of the dielectric capacitance.

3. The inferred results in Tsolas et al. are more than two times
higher than the model results. Moreover, these results are a
strong function of temperature.

The large difference in estimates for the coupled energy is not
that surprising: 1) Dielectric constants for the materials used are
uncertain and 2) the parallel plate formula does not include edge
effects. It might very well be that the dielectric constants are a
factor two higher. In Table 1 we have reported the coupled energy
at T = 630K for different model parameters. The top row contains
the default parameters, both C; and C; have been doubled and for
completeness, a physically accurate value for R. is also included.
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Fig. 5. Mole fractions of H, and O, as a function of reactor temperature, initial molar fractions are: Xa, = 0.995, Xo, = 3000ppm and Xy, = 2000ppm. The solid lines are
results obtained with HP-mech, dashed with AramcoMech 2.0, dash-dot with GRI-Mech 3.0, symbols are (measurements) from [19] and dotted AramcoMech 2.0 with twice

the default C; value.

Table 1

Discharge energy for different model parameter in the plasma-
assisted oxidation. Valid for both the hydrogen experiments see
Section 3.3 and methane experiments 3.4. The values are at T =
630K averaged over 90 discharges in joule per mole per pulse.

Cy (o8 Re JicVgdt

4.05pF 0.57pF 1mQ 2.60]/mol
8.10pF 0.57pF 1mQ 5.24]/mol
4.05pF 1.14pF 1mQ 2.55]/mol
8.10pF 1.14pF 1mQ 5.22]/mol
4.05pF 0.57pF 502 2.60]/mol
8.10pF 0.57pF 50Q 5.22]/mol
4.05pF 1.14pF 502 2.55]/mol
8.10pF 1.14pF 5092 5.19]/mol

From the table, it can be concluded that neither C; nor R. has a
significant impact on the discharge energy, while, in these condi-
tions, the coupled energy scales linearly with the dielectric con-
stant. Therefore, it is likely that the estimate of the dielectric con-
stant (Cy) is higher in Tsolas et al. [64] than in this work.

3.3. Results for hydrogen experiments

In Fig. 5 model results with the three different mechanisms are
compared against the experimental results from Tsolas et al. [19].
At the lowest temperature, the consumption of hydrogen and oxy-
gen is negligible in both experiments and measurements. With in-
creasing temperature, both experiments and measurements show
an increasing oxidation degree with a similar trend. Above T =
850K all results show complete oxidation of the available hydro-
gen. While all three mechanisms qualitatively show similar trends,
the quantitative behavior is slightly different. GRI-Mech 3.0 (dash-
dot curves) shows the poorest match with the experimental re-
sults. The results computed using HP-mech (solid curves) show a
better agreement with the measurements, but still show a signif-
icant difference in the range from 650 to 850K. Finally, the use
of AramcoMech 2.0 (dashed curves) yields an excellent agreement
with the experimental measurements of O, and H, concentration.

The uncertainty due to model parameters is also included via
the dotted line. For these results, C; has been doubled, which has
the biggest impact on the coupled energy and thereby oxidation,
see Table 1. This modification has only been included with Aram-
coMech 2.0 as the other mechanisms respond similarly. Based on
the uncertainty due to the coupled energy, it can be safely con-
cluded that all mechanisms are within the modeling uncertainty
of these measurements.
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Fig. 6. Mole fractions of CH4, CO, and CO as a function of reactor temperature,
initial molar fractions are: Xa, = 0.9954, Xo, = 3000ppm and Xcy, = 1600ppm. The
solid lines are results obtained with HP-mech, dashed with AramcoMech 2.0, dash-
dot with GRI-Mech 3.0, symbols are (measurements) from [42] and dotted Aram-
coMech 2.0 with twice the default Cy value.
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Fig. 7. Mole fractions of C;Hg, CoH4 and CH; as a function of reactor temperature,
initial molar fractions are: X, = 0.9954, Xo, = 3000ppm and Xcy, = 1600ppm. The
solid lines are results obtained with HP-mech, dashed with AramcoMech 2.0 and
dash-dot with GRI-Mech 3.0, measurements are from [42].

3.4. Results for methane experiments

For methane, the available experimental data is more exten-
sive. Major species (CO, CO, and CH,) are depicted in Fig. 6, and
minor species (CoHg, CoHy and CH,) in Fig. 7. Again, qualita-
tively all three mechanisms show a very similar trend to the ex-
perimental results from Tsolas et al. [18]. From the major species
graph, we see that the CH4 concentration decreases almost lin-
early from 400K to 1000K. At the same time, the CO, concentra-
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Fig. 8. The fraction of CH4 that is consumed inside the plasma zone compared

to the reactor outlet, initial molar fractions are: Xa = 0.9954, Xo, = 3000ppm and

Xcn, = 1600ppm. The solid line is the result obtained with HP-mech, dashed with
AramcoMech 2.0 and dash-dot with GRI-Mech 3.0.

tion remains constant and nearly zero until 1100K. Above this tem-
perature, the mixture ignites within the reactor (residence time)
and is fully converted to products. The CO concentration initially
increases linearly (400 < T < 700K) and then remains nearly con-
stant until 1100K. When comparing the CO and CH4 concentrations
it is clear that the increase in CO can not account for the decrease
in CHy. This indicates that products other than CO are formed be-
tween 400 and 1100K.

When comparing the numerical results with the experimental
results the GRI-Mech 3.0 (dash-dot) stands out: Ignition (see Fig. 6)
occurs at a significantly lower temperature than for the experimen-
tal results and the other two mechanisms. However, the general
trend is very similar, i.e., a downward slope in CH, concentration
at a temperature below approximately 1000K, an increase in slope
magnitude (for T > 1000K) and then ignition and full conversion.
Both HP-mech and AramcoMech 2.0 show a bit more detail than
GRI-Mech 3.0, e.g., a small bump near 700K, especially visible in
the CO mole fraction. This can be explained by the limited low-
temperature chemistry that is present in GRI-Mech 3.0. However, it
is worth noting that this bump is not present in the measurements.
For the major species, HP-mech and AramcoMech 2.0 give nearly
identical results close to the experimental values. Moreover, they
both capture the rapid transition around 1150K accurately. None of
the mechanisms predicts the relatively large concentration of CO
remaining above the ignition threshold. However, conditions above
the ignition threshold are not the main focus of this article and
thus not considered in our further analysis.

For the methane results (just as for hydrogen), the value of
C4 is also doubled and simulations with AramcoMech 2.0 are in-
cluded as the dotted line. Similar observations to the hydrogen
case can be made, due to the increased C; value the coupled en-
ergy is larger (see Table 1) as a result the oxidation increases. In
the case of methane, a clear ignition threshold is visible, which is
shifted to a lower temperature due to the increased coupled en-
ergy. Based on the uncertainty of the coupled energy (the default
Cq is a lower bound), it can be concluded that GRI-Mech 3.0 is
too reactive in these experiments. When accounting for the uncer-
tainty due to the coupled energy, both the results from HP-mech
and AramcoMech 2.0 can reproduce the experiments.

In Fig. 8 the converted fraction of CH,4 at the end of the plasma
section is compared to that at the reactor outlet, i.e.,

_ Xehy,0 — Xeny L,

Mp (14)

~ Xct0 — XcHyL |
A value of 100% indicates that all CH4 converted is consumed
within the plasma section of the reactor. For all mechanisms, be-
low 800K all CH, is converted within the plasma section of the
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Fig. 9. Production of H,0 and H, as a function of reactor temperature, initial molar
fractions are: Xa = 0.9954, Xo, = 3000ppm and Xcy, = 1600ppm. The solid lines are
results obtained with HP-mech, dashed with AramcoMech 2.0 and dash-dot with
GRI-Mech 3.0.

reactor. This implies that the oxidation of methane, at these tem-
peratures, does not occur without the aid of plasma. The minimum
in these curves is the point at which ignition occurs within the
flow reactor, i.e., the plasma generates precisely enough radicals
for the ignition delay to occur within the residence time. Above
this point, the plasma dissociates more methane than required for
ignition to occur within the reactor. Within these simulations, ig-
nition of methane does not occur within the plasma section of the
reactor, otherwise, the fraction would return to 100%.

The main differences in measured and predicted species con-
centrations are visible for C;H,, see Fig. 7. All three mechanisms
predict a very small amount of C;H, near the ignition threshold,
but this has not been observed experimentally. None of the mech-
anisms predicts the small amount of C;H, produced between 650
and 750K in the experiments. A significant amount of C;Hy is pre-
dicted by all three mechanisms, which drops to zero at the igni-
tion threshold. All three mechanisms predict a very similar trend:
an exponential increase in the concentration starting at 600K. The
magnitude of the peak at 1150K is captured most accurately by
HP-mech, while AramcoMech 2.0 over-predicts the peak concen-
tration. While GRI-Mech 3.0 captures the magnitude of the peak in
CyHy4 accurately, it does - due to the lower ignition temperature -
predict it at a lower temperature. Overall, the trend for all mech-
anisms is very similar and the onset of C;H4 production is pre-
dicted accurately by all three mechanisms. Finally, the production
of C,Hg starts at the lowest temperature (in the numerical mod-
els), the trend is well represented by both AramcoMech 2.0 and
HP-mech, while the onset of C;Hg production is significantly un-
derpredicted by GRI-Mech 3.0. The magnitude of C;Hg production
is most accurately captured by AramcoMech 2.0.

In Fig. 9, the simulated production of H,0 and H, is illustrated.
The predicted trend of H,O production is very similar to the CO
production in Fig. 6. The main difference is that the CO concentra-
tion returns to a low value above the ignition temperature, while
H,0 increases. When comparing the CO and H,0 concentration
from 405 to 1000K, it can be noted that the H,O concentration
is approximately twice that of CO. This implies either that a small
amount of atomic H is released in the partial oxidation of CH4 or
that H, is formed. This is confirmed by the profile of the produc-
tion of Hy: It increases with an increase in reactor temperature and
decreases above ignition.

Finally, in Fig. 10 the simulated production of methanol
(CH30H) and formaldehyde (CH,0) is shown. Unfortunately,
no measurements for these species are available, but we have
included the numerical results anyway as they are stable inter-
mediates. Moreover, the most significant differences between the
mechanisms are present in these results. The results obtained
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Fig. 10. Mole fractions of CH30H and CH,O against reactor temperature, initial mo-

lar fractions are: Xa, = 0.9954, Xo, = 3000ppm and Xc, = 1600ppm. The solid lines

are results obtained with HP-mech, dashed with AramcoMech 2.0 and dash-dot
with GRI-Mech 3.0.

by AramcoMech 2.0 show a significant amount of CH30H below
700K, while GRI-Mech 3.0 shows nearly no CH3OH. Above 800K
the three mechanisms, show a qualitatively similar trend in the
CH30H production; a nearly linear decrease until the ignition
temperature. The difference in the production of CH,O is much
smaller. The shape of the CH,O curve predicted by using Aram-
coMech 2.0 and HP-mech are rather similar. However, the peak
present in the HP-mech results, around 650K, is not present in the
AramcoMech 2.0 results. Above 700K both AramcoMech 2.0 and
HP-mech predict a linear decrease in the CH,O production with a
sharp drop at the ignition threshold. Again, GRI-Mech 3.0 predic-
tions are rather different from those of the other two mechanisms,
which show a smooth hill with a peak at 900K.

4. Pathways in low-temperature hydrogen oxidation

To analyze differences between plasma-assisted H, and CHy
oxidation, pathway analysis is performed. The rates of reaction
progress are integrated over the residence time inside the plasma
section of the reactor to obtain the net conversion by each re-
action. We have opted to only integrate the chemical rates of
progress over the plasma section as this will provide the most
insight into the combustion activation via the plasma. When the
rates of progress are integrated over the entire domain chemical
runaway via conventional high-temperature pathways will domi-
nate the chemistry above 1150K (or 1100K in GRI-Mech 3.0).

This integral analysis shows that the rate of thermal decompo-
sition of H, and O, by

H,+M < 2H+M (R.2)
and
0, +M<20+M (R.3)

is very low. The initial H radicals are provided via the reaction of
H, with excited argon,

H, + Ar* < 2H + Ar, (R4)

which deactivates an electronically excited Ar atom and produces
two hydrogen radicals (dissociative quenching). At the same time,
initial O radicals are produced by the plasma through the reaction:

0, + Ar* <> 20 +Ar. (R.5)

Over the entire temperature range, the rate of progress of reactions
R.4 and R.5 is six orders of magnitude higher than the conventional
dissociation reactions (R.2 and R.3). Reactions R.4 and R.5 are the
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only reactions competing for the available Ar* as physical quench-
ing, via

Ar* + Ar < 2Ar (R.6)
or
Ar* + 2Ar < 3Ar (R.7)

is significantly slower. The excited argon required in reactions
R.4 and R.5 is produced via the plasma reaction:

Ar+e — Ar +e. (R.8)

The reactions identified above are the only reactions involving
electronically excited states that contribute at least 5% to the ox-
idation of hydrogen. The reactions involving electronically excited
O or O, are only a minor contribution to the oxidation. This obser-
vation has also been made by Togai et al. [49] in their sensitivity
analysis of these experiments. The observation is due to the low
concentration of oxygen (Xo, = 3000ppm), making it far less likely
that electronically excited O, or O is produced by electron impact.
For example, in Snoeckx et al. [30] the O, concentration is much
higher, and O(1D) is found to be important to the oxidation of hy-
drogen.

4.1. Low-temperature radical cycle

The hydrogen radicals produced in R.4 are converted into HO,
via

H + 05 (+M) < HO, (+M). (R9)

The oxygen radicals produced by the plasma (R.5) attack the rela-
tively stable HO, and form OH via

HO, + O <> O, + OH. (R10)

When the temperature is less than 450K (depending on the mech-
anism), most of the OH reacts with the available O radicals and
forms:

OH+0 < 0, + H. (R11)

This creates a cyclic process of reactions R.9, R.10 and R.11, where,
with every roundtrip, two O atoms are recombined. Via this cycle,
the O atoms produced via Ar* quenching (R.5) are removed from
the radical pool, without progressing the H oxidation. Two reac-
tions are active, which do progress the oxidation,

HO, + OH « 0O, + H,0, (R12)

which removes two O atoms from the radical pool but also pro-
duces H,0, and

OH + H; < H,0 +H, (R13)

which produces H,0 and a H radical. Reaction R.12 and R.13 do
compete with R.10 and R.11 for the available HO, and OH respec-
tively. However, R.10 and R.11 are significantly faster such that the
majority of the H atoms are cycled in the reaction chain of R.9,
R.10 and R.11.

4.2. Mid-temperature radical cycle

Under the conditions of these experiments, R.13 becomes dom-
inant over R.11 above 450K. A new cycle of reactions R.9, R.10 and
R.13 forms, which consumes one oxygen radical per roundtrip and
produces one H,0. Therefore, this cycle is significantly more effi-
cient at oxidizing hydrogen than the earlier mentioned cycle (see
the low-temperature and mid-temperature illustration in Fig 11).
This can be used to explain the low-oxidation degree at 400K and
the increase of the oxidation degree beyond that, as it is observed
in Fig. 5.
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Fig. 11. Simplified low-temperature to high-temperature radical cycle for the oxidation of hydrogen. The low-temperature cycle does not progress the oxidation, while the
mid-temperature and high-temperature cycles do progress the oxidation. In the low-temperature and mid-temperature cycle, the size of the radical pool slowly decreases,

while in the high-temperature cycle the radical pool remains constant.
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Fig. 12. Normalized mean reaction rate for reaction R.11 and R.13 for the three
different mechanisms, initial molar fractions are: Xa = 0.995, Xo, = 3000ppm and
Xu, = 2000ppm. The solid lines are results obtained with HP-mech, dashed with
AramcoMech 2.0 and dash-dot with GRI-Mech 3.0. Below 450K R.11 is the pre-
ferred pathway while for increased temperature R.13 is preferred. Above 750K reac-
tion R.11 is run in reverse.

To illustrate this change, the integrated rate of progress of each
reaction is normalized by the total H, consumption, i.e.:

- Jo? Rydt
k.H, = otp Q)szt’

(15)
where k is the reaction index and subscript H, is used to indi-
cate that this has been normalized with respect to H, consump-
tion. This makes Rk‘,_,2 the mean normalized reaction rate of re-
action k, which makes it an indicator of the importance of a cer-
tain reaction on the overall conversion. Negative values are possi-
ble, which indicates that the reaction ran in reverse. Values above
1.0 (or below -1.0) are also possible when the reaction only in-
volves a single H atom. For reactions R.11 and R.13, these normal-
ized mean reaction rates are depicted in Fig. 12 as a function of
reactor temperature. From this graph, it can be seen that R.11 is
the preferred pathway below 450K, but when the temperature is
increased, R.13 quickly becomes dominant. Over the entire range
of 600 to 1260K almost all H, is converted into H,O using this
reaction (éR.B,Hz ~ 1). When comparing the three different mech-
anisms, AramcoMech 2.0 stands out because the temperature at
which R.13 becomes dominant over R.11 occurs at a higher temper-
ature of 450K instead of 400K. This explains why the H, conver-
sion below 550K using AramcoMech 2.0 is slightly less than that
of HP-mech and GRI-Mech 3.0 (see Fig. 5). However, above 600K,
the normalized rates of R.13 in the three mechanisms converge and
the mechanisms predict very similar results.
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Fig. 13. Normalized mean reaction rate for reaction R.10 and R.14 for the three
different mechanisms, initial molar fractions are: Xa = 0.995, Xo, = 3000ppm and
Xu, = 2000ppm. The solid lines are results obtained with HP-mech, dashed with
AramcoMech 2.0 and dash-dot with GRI-Mech 3.0. At low-temperature R.10 is the
preferred pathway while for increased temperature R.14 is preferred.

The series of reactions R.9, R.10 and R.13, only require oxygen
radicals to run (see mid-temperature illustration Fig. 11). This im-
plies that reaction R.5 has a positive effect on oxidation, while re-
action R.4 only quenches Ar* without significantly progressing the
oxidation. Of course, reaction R4 is still required to provide an ini-
tial pool of H radicals, but beyond that, it is in direct competition
with reaction R.5 and inhibits oxidation. Note, the illustrated cycle
is not chain branching and linearly depends on the number of Ar*
produced by the plasma (see R.8). The degree of oxidation, below
the explosion limit, is expected to be linearly dependent on the
coupled energy.

4.3. High-temperature radical cycle

When the temperature is increased further, the reaction of HO,
with H,

HO; + H < 20H, (R14)

becomes competitive with reaction R.10. The cyclic process then
evolves into the high-temperature graph of Fig. 11. This new cy-
cle is distinctly different. While the size of the radical pool (sum
of H, OH and HO, radicals) is slowly decreasing for the low and
mid-temperature two cycles, it remains constant for the high-
temperature one. This is because R.14 produces two OH molecules
and thus R.13 is run twice, which leaves one extra H to supply
R.14. For both these reactions the normalized mean reaction rate is
computed and shown in Fig. 13. Below 600K, R.10 is the dominant
pathway and above 600K, R.14 is preferred.
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Fig. 14. Normalized mean reaction rate for reaction R.15, R.16, R.17 and R.18 for
the three different mechanisms, initial molar fractions are: X, = 0.9954, Xo, =
3000ppm and Xcy, = 1600ppm. The rates of reactions R.15, R.17 and R.18 are iden-
tical, which is why these are displayed with a single color. The solid lines are re-
sults obtained with HP-mech, dashed with AramcoMech 2.0 and dash-dot with GRI-
Mech 3.0.

The change in the different chemistry modes, as illustrated in
Fig. 11, explains why the oxidation accelerates with temperature
(see Fig. 5). From low to high temperature, the chemistry becomes
more efficient at oxidizing the available H,. Moreover, as the dom-
inant pathways change smoothly, see Fig. 12 and Fig. 13, and the
mid and high-temperature modes remain mixed, no clear ignition
threshold is observed. Finally, these three modes can also be used
to explain the sustained reactivity observed in recent flow reactor
experiments by Jans et al. [21]. In the measurements of 300 and
400K, only the low-temperature mode is active. As a result, the
radical chemistry quickly recombines the plasma-generated O rad-
icals back into O, and the HO, concentration will decrease directly
after the plasma is stopped. When the temperature is increased,
first the mid-temperature mode is activated - for which it is still
expected that the HO, concentration decays after the removal of
the plasma (as it consumes one O radical and thus depletes the
radical pool) - and finally, the high-temperature mode is activated
- for which it is expected that the HO, concentration will remain
nearly constant for some time after plasma activation (as the cycle
itself does not consume radicals). The sustained HO, concentration
after plasma activation is an indication of self-sustained reactivity.
This leads to the conclusion that in these conditions the plasma
can be used to accelerate the initiation reactions, after which chain
branching takes over and H, is quickly oxidized.

5. Pathways in low-temperature methane oxidation

The oxidation of methane is significantly more complicated
than that of hydrogen. Our analysis follows the carbon atoms in
CH4. The plasma dissociates CH,4 via

CH; + Ar* < CHz; +H+Ar, (R15)
CH4 + Ar* < CHy 4+ 2H + Ar, (R.16)
CHy4 + Ar* < CHy +Hy + Ar (R17)
and

CHys +Ar* < CH+H+H;+Ar, (R.18)

where R.16 is more than five times faster than R.15, R.18 and
R.17 (which have equal rates). In Fig. 14, the normalized mean re-
action rates for R.16 and R.15 are shown. The normalized mean re-
action rates for R.18 and R.17 are equal to that of R.15 since the rate
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constants are equal, which is why they are not shown in Fig. 14.
Note, differences between the mechanisms in these normalized
mean reaction rates are not due to different rate constants but are
due to differences in the non-plasma pathways. The consumption
of CH4 occurs for nearly 50% via quenching of Ar* (3,2 15 Ry cu, ~
0.45) at T = 400K and this fraction reduces with increasing tem-
perature. Even though a small fraction (less than 10% for T > 900K)
of methane is converted by plasma reactions, the impact on the
overall oxidation rate is not small (without plasma the mixture
does not oxidize [18]). These plasma reactions are very fast and
replace slow initiation reactions, like reactions R.3 and

CH4(+M) < CH; + H(+M), (R19)

meaning that these plasma reactions accelerate the overall oxida-
tion by the generation of initial radicals. Just as for hydrogen, our
analysis did not identify reactions involving O, or O electronically
excited states to significantly contribute to the oxidation. Again,
this is likely due to the low concentration of O,, which makes the
production of excited O, and O less likely.

5.1. The CH, pathway

The CH, produced by R.16 reacts with the abundantly available
0, via the essentially barrierless reaction (with activation temper-
ature T, = 754K):

CH; + O, <« HCO + OH. (R.20)

Again, a practically barrierless reaction (T = 206K) follows, which
produces CO:

HCO + 0, < CO + HO,. (R21)

In both HP-mech and GRI-Mech 3.0, an alternative path is present
to convert CH, into CO, skipping the formation of HCO:

CH, + 0, — CO+H + OH. (R22)

This path, only available in HP-mech and GRI-Mech 3.0, produces
an H radical instead of the HO, radical. However, just as in the hy-
drogen case, reaction R.9 quickly converts H radicals into HO,. This
implies that the net effect on mixture the composition of R.22 is
similar to the reaction chain R.22 and R.21.

The above series of reactions (R.22 and R.21 or R.22) requires
the formation of Ar* by the plasma, but after that, it only involves
reactions with O, that have a low activation energy. Thus, this
short chain of reactions explains why a small fraction of methane
is converted to CO (see Fig. 6), even at the lowest reactor temper-
ature. It should also be noted that this plasma-activated pathway
produces OH and HO, radicals, which, as we will later see, allow
oxidation via a more conventional CH4 oxidation pathway. CO is
not a radical and requires high temperatures and preferably the
presence of OH, to oxidize into CO,. As a result, the plasma is not
able to completely oxidize CH,4 into CO, until the ignition thresh-
old (Fig 6).

5.2. Formation of CH30H

When considering AramcoMech 2.0, the above chain produces
two H radicals, one OH and one HO, radical. These radicals are uti-
lized in an alternative pathway, which results in an enhancement
over just the consumption of CH,4 by reactions R.15 and R.16. Most
of the OH produced in Reaction R.20 (or R.22 in HP-mech and GRI-
Mech 3.0) activates this pathway via

CH4 + OH « CH3 + H,O0. (R.23)

When the temperature is increased, H (produced by R.16 and R.15)
or O radicals are also used to dissociate methane into methyl (CHs)
via the reactions

CH4 +H <~ CH3 =+ Hz (R24)
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Fig. 15. Normalized mean reaction rate for reaction R.24, R.25 and R.23 for
the three different mechanisms, initial molar fractions are: X, = 0.9954, Xo, =
3000ppm and Xcy, = 1600ppm. The solid lines are results obtained with HP-mech,
dashed with AramcoMech 2.0 and dash-dot with GRI-Mech 3.0.

and
CH4+0 <« CH3 + OH. (R.25)

The normalized mean reaction rate for these three reactions is de-
picted in Fig. 15. In all three mechanisms, we see a similar trend.
Below 600K, predominantly the reaction with OH is active. The
remainder of the CH4 is consumed by Ar* quenching reactions
R.15 till R.18 (see also Fig. 14). As the temperature is increased, the
dissociation of methane via radical attack becomes more impor-
tant. This is both because the reactions R.24, R.25 and R.23 become
faster when the temperature is increased - as they have a rela-
tively large activation energy - as well as an increase in the radical
concentration. Reaction R.23 via OH is found to be practically the
only pathway for methane dissociation below 800K. Above 900K,
all three reactions significantly contribute to the dissociation of
methane. In Fig. 6, it can be seen that this corresponds to the tem-
perature at which the consumption of CH4 starts accelerating. The
differences between the three mechanisms are significant:

1. In GRI-Mech 3.0 (dash-dot) the importance of R.23 (T < 900K)
and R.24 (T > 700K) is 0.1 0.2 higher compared to Aram-
coMech 2.0 and HP-mech.

2. AramcoMech 2.0 (dashed) shows a dip in the upwards trend
of the normalized mean reaction rate of R.23 between 450 and
750K, which is not present in GRI-Mech 3.0 and HP-mech.

3. Even above the traditional ignition threshold (T > 1200K) dif-
ferences remain. Each mechanism shows a slight preference for
a different reaction.

When the concentration of O radicals is insufficient, the ox-
idation progresses via methoxide CH3;0 instead of formaldehyde
CH,O. This is generally the case when the temperature is low (T <
950K). Two possible pathways are identified: In the first, when the
temperature is below 750K, the CH3 radical predominantly reacts
with the available oxygen,

CH; + 05 (+M) < CH300(+M). (R.26)

The CH300 then reacts with the H produced by reactions R.15 and
R.16 in reaction,

CH300 + H < CH30 + OH, (R.27)
or with O in reaction
CH300 + O <» CH30 + O,. (R.28)

In the second, between 700 and 950K, a fraction of the CH3 di-
rectly forms CH30 using the HO, produced in reaction R.21:

CH; + HO, < CH30 + OH. (R29)
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Below 700K the oxidation of CH30 progresses through
methanol (CH3;OH), either via reaction

CH30 + HO, <> CH30H + 0, (R.30)
or via
CH300 + OH <> CH30H + 0,. (R.31)

It is also possible to form CH3OH directly out of CH3 via reaction
CH;3 + OH(+M) « CH30H(+M), (R32)

which we identify as a minor pathway. Note that the series of reac-
tions that convert CH4 into CH;OH has a chain-terminating nature:
Reactions R.25, R.27, and R.29 do produce OH radicals, but these
are quickly consumed by the abundantly available CH4 and con-
verted into H,0 (R.23). Moreover, reactions R.31 and R.32 consume
OH, while reaction R.30 requires HO,. In other words, the produc-
tion of CH30H from CH4 removes OH from the radical pool. The
removal of radicals by this initiation step of oxidation (R.23) also
explains that a significant amount of CH4 can be consumed with-
out ignition (Fig. 6). From the above analysis it is revealed that
the size of the radical pool is effectively controlled by the amount
of CH,4 present, i.e., the explosive growth of the radical pool is
not possible. As H atoms produced by the plasma - reactions R.15,
R.16, R.17 and R.18 - are quickly removed from the radical pool (H,
OH and HO,), further oxidation beyond CH3OH is inhibited by the
presence of CHy. As a result, a significant amount of CH;OH is pro-
duced by the plasma below 700K (see Fig. 10) and the CO concen-
tration remains rather constant up to this temperature (see Fig. 6).
The reaction paths predicted by the three different mechanisms
show a rather significant difference in this early stage of oxida-
tion. In GRI-Mech 3.0, the CH300 species is not present, such that
the path of reaction R.26 followed by R.27 is not possible. Instead,
in GRI-Mech 3.0, reaction R.29 is the only dominant path to pro-
duce CH30. In both GRI-Mech 3.0 and HP-mech reaction R.30 is
not present, which reduces the production of methanol in GRI-
Mech 3.0 to practically zero, and in HP-mech it more than halves
it compared to AramcoMech 2.0 (see Fig. 10). The absence of re-
action R.30 in both GRI-Mech 3.0 and HP-mech is noteworthy, as
it is identified by both Metcalfe et al. [34] and Li et al. [65] as
the third most sensitive reaction in the oxidation of CH30H. At the
same time, it should be noted that reaction R.31 is implemented
in the reverse direction in AramcoMech 2.0, as that is the direc-
tion in which it progresses during the oxidation of CH3;0H. In a
numerical study by [66], the rate constant in the direction defined
in reaction R.31, was found to be barrierless and independent of
temperature, which is not the case in AramcoMech 2.0.

5.3. The CH,0 pathway

Just as in the conventional oxidation of CH4, formaldehyde
CH,0 is an important intermediate in plasma-assisted oxidation
below 950K. Three dominant pathways are identified that progress
the oxidation of CH4 towards CH,O. The first, below 700K the main
oxidation progresses via methanol (especially in AramcoMech 2.0):

CH50H + OH < CH,0H + H,0, (R.33)
followed by,
CH,0H + O, < CH,0 + HO,. (R34)

The second, at elevated temperatures (700 < T < 950K) the oxida-
tion directly progresses via the conversion of methoxide CH30 to
CH,O following the reactions:

CH30(+M) < CH;0 + H(+M) (R.35)
and
CH30+0, < CH,0 + HO,. (R.36)
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Fig. 16. Normalized mean reaction rate for reaction R.42, R41 and R.40 for
the three different mechanisms, initial molar fractions are: X, = 0.9954, Xo, =
3000ppm and Xcy, = 1600ppm. The solid lines are results obtained with HP-mech,
dashed with AramcoMech 2.0 and dash-dot with GRI-Mech 3.0.

In both GRI-Mech 3.0 and HP-mech an alternative and faster reac-
tion is

CH3O +0 < CH20 + OH, (R37)

which is not present in AramcoMech 2.0. The third is the formation
of CH,O directly from CHs:

CH; + 0 < CH,0 + H, (R38)

which only occurs if the O radical pool is sufficiently large. As an
alternative to R.38, the reaction with O, is also possible,

CH; + 0, <> CH,0 + OH, (R:39)

which has a high activation energy. Generally, R.38 and R.39 are
only relevant at higher temperatures (R.39) or when a significant
portion of the CH4 has been consumed, such that the concentra-
tion of atomic O can increase as R.38 competes with R.25.

The oxidation from CH,0 to CO is similar for the whole temper-
ature range. Three different reactions can form formyl (HCO) from
CHzo:

CH,0+0OH <« HCO + H;0, (R.40)
CH,0+0 <« HCO+OH (RA41)
and

CH,0+H <« HCO+H,. (R42)

HCO is then converted to CO by reaction R21. In Fig. 16, the
branching between these three reactions is shown: Over the en-
tire temperature range, R.41 has only a small contribution to the
overall oxidation of CH,0. Below 700K, the reaction utilizing OH
(R.40) is the main pathway for CH,O consumption, while above
1000K, R.42 is preferred. The significant difference below 700K be-
tween AramcoMech 2.0 (dashed) and the other two is due to the
differences in methanol formation discussed earlier. As a result
of this difference, more CH3;0H is formed when AramcoMech 2.0
is utilized and thus less CH,0 is produced, see Fig. 10. This im-
plies that less CH,O0 is available for reactions R.42, R.41 and R.40.
Besides the large difference below 700K, the differences between
AramcoMech 2.0 and HP-mech are remarkably small; above 700K
the relative differences are less than 30%, especially when you con-
sider that this is one of the later steps in the oxidation of CHy. In
other words, many earlier oxidation steps have already introduced
their differences.
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5.4. The CHg pathway

The series of reactions involved in the C,Hg pathway can be
used to explain the results of 7. Starting at 800K chemical path-
ways via alkane growth are important to the overall oxidation. The

first step is via
CH; + CH3(+M) < GHg(+M), (R.43)

which is competitive with the oxidation reactions of methyl (R.26,
R.29 and R.38). This reaction is followed by

C,Hg + OH < CyHs + H,0, (R44)
CHg+0 < CHs +OH (R45)
and

CHg+H <« CHs +Hs. (R.46)

The produced ethyl radical (C;Hs) is unstable and quickly reacts
via

CoHs5(+M) <« CoHy + H(+M). (R.A47)
The oxidation then continues either via

C;H4 + O « HCO + CH;, (RA48)
followed by the HCO chain (R.21), or via

CHs+H < GHs +H, (RA49)
and

C;H4 + OH < C;Hs + H,0, (R.50)
where, C;Hs is unstable and quickly forms acetylene CyHj,
CH3(+M) « GHy + H(+M). (R.51)

From this pathway, we observe that the formation of C;Hg is re-
quired before C;H4 can be formed, which in turn is required for
the formation of C;H,. Using this C;Hy pathway, the presence of
CyH, between 600 and 800K and the lack of it between 1000 and
1200K in the experiments (Fig. 7) can not be explained. While not
shown here, the predicted concentration of the intermediates in
this chain (C;Hs and C,H3) is negligible at the outlet.

After the formation of C;H,, this oxidation chain is relatively
straightforward. First, CoH, is attacked by an O radical,

C;H; +0 < HCCO +H, (R.52)
followed by
HCCO + H < CH,(S) + CO, (R.53)

where the produced singlet state of CH, quickly quenches to the
ground state. After it has been quenched, the oxidation continues
via R.20 and R.21 to CO.

5.5. Contribution of pathways

In the previous three sections, we have identified four different
plasma oxidation pathways:

1. The plasma-induced CH, pathway; excited argon atoms disso-
ciate CH4 into CH,, which quickly oxidizes into CO.

2. At the lowest temperatures the oxidation progresses via CH;OH
and then into CH,O0.

3. For intermediate temperature the oxidation skips CH3OH and
directly forms CH,O either from CH3 or CH3O.

4, For the highest temperature the oxidation initially forms C,Hg
which is then progressively broken down until CO is formed.
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Fig. 17. Normalized mean reaction rate for reaction the main oxidation pathways
of methane, initial molar fractions are: Xa, = 0.9954, Xo, = 3000ppm and Xcy, =
1600ppm. The solid lines are results obtained with HP-mech, dashed with Aram-
coMech 2.0 and dash-dot with GRI-Mech 3.0.

The normalized mean reaction rate of pathway 1 is shown in
Fig. 14, which is easy to illustrate as it is only activated by R.16 and
R.17. However, the normalized mean reaction rate of pathways 2
to 4 are more challenging to illustrate, as differences in the reac-
tion mechanisms imply slight nuances in their activation. To still
compare the contribution of the different pathways to the overall
conversion for different reaction mechanisms, we have compared
different reactions with a similar chemical effect. To obtain the
normalized mean reaction rate of CH3OH in AramcoMech 2.0, we
have added the rates of reactions R.31, R.30 and R.32. As explained
before, in HP-mech R.30 is not included and in GRI-Mech 3.0
R.30 and R.31 are not included. In the normalized mean reaction
rate of CH,0, we have excluded the CH30H pathway (R.33 followed
by R.34) as that is considered to be part of the CH30H path. In
all mechanisms the following reactions: are considered R.35, R.36,
R.39 and R.38. The additional reaction (R.37) in HP-mech and GRI-
Mech 3.0 is also included in their contribution. Finally, the normal-
ized mean reaction rate of pathway 4 (CyHg) is activated only by
R.43. These normalized mean reaction rates of the different path-
ways are depicted in Fig. 17. All three mechanisms show a sim-
ilar qualitative trend: the CH3OH pathway is only active below
700K, the CH,0 pathway is dominant between 600 and 900K and
the C;Hg pathway is active above 700K. The large difference in
CH30H and CH,0 pathways is due to the differences explained in
Section 5.2. Above 800K, HP-mech and AramcoMech 2.0 show a
very similar branching over the pathways. GRI-Mech 3.0 has (rela-
tive to HP-mech and AramcoMech 2.0) changes in a relatively wide
temperature range from one pathway to the other.

5.6. The last step: CO to CO,

The final step of oxidation is the conversion of CO to CO,, which
is rather slow. For it to occur at a decent rate the presence of OH
is required in the reaction

CO + OH < CO, + H. (R.54)

As the concentration of OH is suppressed by the presence of CHy
due to R.23, the CO to CO, reaction can only occur when most
methane is removed. Moreover, above 650K the rate constant of
R.23 is larger than R.54, which explains the lack of CO, below the
ignition threshold, as it can only be formed when CHy is depleted.

5.7. Energy dependence of methane oxidation

The oxidation of methane is strongly inhibited by the presence
of methane itself. If methane is present in a significant concentra-
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Fig. 18. Methane concentration after the plasma section (dashed) and at the ex-
haust (solid) for varying deposited energy, initial molar fractions are: Xa. = 0.9954,
Xo, =3000ppm and Xcy, = 1600ppm. The deposited energy for these simulations
in previous figures was: 30 (1260K), 33 (1134K), 35 (1031K) and 38J/m> (945K).

tion and the temperature is below 900K, OH is quickly removed
from the radical pool by CH4. The produced CH3 radical then con-
verts into either CH3OH (T < 700K) or CH,O (T < 1000K). Neither
the production of CH30H nor the production of CH,0 out of CH3
releases sufficient radicals to compensate for the consumption of
these radicals by CHy itself. This implies that it is challenging to
ignite this diluted mixture of methane below 1000K.

The difficulty of igniting this mixture is illustrated in Fig. 18,
where the deposited energy dependence of the CH4 consumption
is shown. These simulations have been conducted at four reactor
temperatures. The dashed line is the CH4 concentration directly
after the plasma (x =Lp), while the solid line is at the exhaust
(x=L). Only the results of AramcoMech 2.0 are shown, as the
other two mechanisms lead to the same observations. The modi-
fication of the coupled energy is obtained by modifying the peak
voltage from 5 to 50kV of the discharge, as AE/N, o max (Vs).

The concentration of CHy after L, reduces nearly linearly with
increasing deposited energy until it is completely consumed. In-
terestingly, no clear ignition threshold is present if all CHy is con-
sumed within the plasma. At low reactor temperatures (T < 1031K)
the CH4 concentration also decreases linearly with increased de-
posited energy. When the reactor temperature is 1260K the mix-
ture can ignite within L if the deposited energy is larger than
20]/m3. For the reduced reactor temperature of 1134K, the mixture
is not able to ignite for the default 10kV peak voltage or 33]/m? de-
posited energy, see also Fig. 6. If the deposited energy is increased
the difference between the methane consumed within Ly and L in-
creases. This indicates that the mixture exhibits reactivity without
plasma present. When AE/N, > 40]/m? a mixture at 1134K can ig-
nite within L. Just below the ignition threshold, the consumption of
CH4 shows a non-linear dependence on the deposited energy. We
can also observe that at 1134K more than four times the energy is
required to ignite the mixture within Lp, while the residence time
is Ly/L =9 times shorter.

When the reactor temperature is reduced even further to 1031
or 945K, the mixture is not able to ignite within the residence
time of the reactor, even though more than five times the energy
is deposited (the deposited energy in all previous graphs was 35
and 38]/m3 for 1031 and 945K respectively). For reduced tempera-
ture, the reactivity of the mixture after the plasma section reduces
strongly, which indicates that the plasma does not induce sus-
tained reactivity. Moreover, the lack of an ignition threshold - even
though more than 85% of methane is consumed for T = 1031K -
suggests that plasmas can not significantly modify the minimum
ignition temperature. This suggests that plasma is excellent at tem-
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porarily increasing the reactivity and thereby reducing the ignition
delay, but is unable to induce ignition when the mixture is not hot
enough by itself.

6. Conclusion

In this work, we have investigated low-temperature plasma-
assisted combustion using three different combustion mechanisms.
The combined plasma-assisted combustion mechanisms are made
available through the Supplementary Materials. The model and
chemical mechanisms are validated against experimental data in
a diluted flow reactor for both H,/O,/Ar and CH4/O,/Ar mixtures.
Generally, a good qualitative agreement is observed for all mecha-
nisms and both fuels. In the hydrogen simulations, excellent agree-
ment is obtained with the AramcoMech 2.0 mechanism. However,
due to the lack of deposited energy measurements in the experi-
ments, large uncertainty remains in the numerical results. There-
fore, it is not possible to identify the best-performing mechanism.
In the methane simulations, no mechanism shows an excellent
agreement. Both AramcoMech 2.0 and HP-mech predict the igni-
tion threshold correctly. But, again, this property is sensitive to
the deposited energy. This highlights the need for accurate de-
posited energy measurements in this type of reactor. Still, the qual-
itative agreement with experimental data provides confidence in
our methodology. A detailed flux analysis is performed to investi-
gate key chemical pathways in the plasma-assisted oxidation of H,
and CHy. In the oxidation of H, identified pathways are very sim-
ilar among the three different mechanisms. However, differences
are present in the oxidation of CHy4, especially in the early stages
of oxidation. The largest difference is present in the pathways in-
volving the formation of CH30H below 700K. Consequently, mea-
surements of methanol production in a CH4/O,/Ar plasma below
700K would be valuable to obtain a deeper understanding of this
early stage of low-temperature CH, oxidation.

In the oxidation of H,, three different modes are identified,
each prevalent in a different temperature range. For increasing
temperature the ability of a H,/O,/Ar mixture to self-sustain oxi-
dation increases. Even at modest temperatures (T ~ 800K), plasma
provides the initial radicals after which hydrogen oxidation chem-
istry takes over and completes the oxidation. Three different ox-
idation modes are identified for CH4 as well. However, in CHy4
the ability of self-sustained oxidation below 1000K is not ob-
served. As such, the oxidation of CHg, in these diluted condi-
tions (Xa, > 0.99), requires a continuous supply of radicals. We
conclude that this is an inherent limitation of CHy, due to the
chain-terminating nature of the low-temperature oxidation path-
ways. More specifically, the pathways involved in the conversion
of CH4 into CH30H or CH,0 below 1000K are chain-terminating.
This implies that plasma can initiate combustion by providing ini-
tial radicals, but it can not induce ignition below the ignition
temperature. As this seems to be an inherent limitation of the
oxidation chemistry, not the plasma chemistry, this observation
is likely to translate to non-diluted conditions and other bath
gases. The only exception is the chemical heat release, which pro-
vides a positive feedback mechanism on the oxidation rate via the
temperature.

Novelty and Significance

In this article, an extensive chemical flux analysis is performed
on the plasma-assisted oxidation of hydrogen and methane. To
this end, we introduce a thermodynamically consistent plasma
mechanism, which is coupled to three combustion mechanisms.
The chemical mechanisms are time-integrated with a 0D di-
electric barrier discharge model. To validate our methodology
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and the mechanisms the results are compared to experimen-
tal measurements. The flux analysis reveals similarities among
the mechanisms for the oxidation of hydrogen, but also differ-
ences in the case of methane. The main differences are found
in the pathways involved in the production of methanol, provid-
ing targets for future experimental measurements. Most impor-
tantly, our analysis reveals that the inherent chain-terminating
nature of low-temperature methane oxidation cannot be over-
come by plasma. Evidence is provided that significant thermal ac-
tivation is still required in the presence of plasma when using
methane. In contrast to methane, when using hydrogen, chain-
branching is observed during the low-temperature plasma-assisted
oxidation.
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