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a b s t r a c t 

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 tem perature 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 10 0 0K, 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/ ) 
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. Introduction 

Plasma-assisted combustion (PAC), has been researched exten- 

ively in the past decades as a promising method for reliable 

gnition and flame stabilization in challenging conditions [1–7] . 

lasmas can enhance ignition and flame stability via thermal, ki- 

etic and transport pathways [5,6] . Even though numerous arti- 

les have been published [8–13] , no consensus has been reached 

n the importance of these pathways [11,13] . For the activation 

f combustion chemistry, non-equilibrium plasmas are considered 

o be interesting. These types of discharges are characterized by 

 high electron energy and relatively low gas temperature. These 

igh-energy electrons are hypothesized to efficiently dissociate fuel 

nd oxygen, producing initial combustion radicals [5,6] . A pop- 

lar method for generating a strong non-equilibrium plasma is 

ia nanosecond repetitively pulsed dielectric barrier discharges, 

.g. [14–22] . Because dielectric barrier discharges allow for the cre- 

tion of a strong non-equilibrium plasma, while also providing 

ontrol over the energy deposition. Even though numerous works 

ave investigated plasma-assisted combustion, no consensus has 
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een reached on the mechanism by which plasma enhances com- 

ustion [3,5] . 

A major challenge in the predictive modeling of PAC is the 

evelopment of a reliable plasma and low-temperature oxidation 

hemistry [4–6] . Many authors have developed detailed chemical 

odels for plasma in several bath gasses [23–26] . When research- 

ng PAC chemistry, it is required to combine one of these plasma 

hemistries with a combustion mechanism, e.g. [14,16,17,27–31] . 

hen, several new reactions have to be introduced to capture the 

nteraction of electronically excited states and conventional com- 

ustion species. These electronically excited states are created by 

he plasma and carry significant potential energy, which signifi- 

antly accelerates the reaction rate of reactions in which they par- 

icipate. Due to its large popularity, some authors opt to use GRI- 

ech 3.0 [32] as the base combustion mechanism [27–29] . How- 

ver, it is worth noting that the last release of GRI-Mech 3.0 has 

een more than 20 years ago. Significant progress in understand- 

ng hydrocarbon oxidation has been made since then, especially in 

he low-temperature regime. Moreover, none of the optimization 

argets used to develop GRI-Mech 3.0 are ignition experiments be- 

ow 1300K. This raises the question about the validity of the oxida- 

ion pathways in GRI-Mech 3.0 at low temperatures, as it was not 

eveloped for these conditions. To be clear, we are not questioning 
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he validity of GRI-Mech 3.0 in conventional applications, as it has 

roven itself as a relatively small but reliable mechanism. 

Since the release of GRI-Mech 3.0, significant advances have 

een made to improve our understanding of low-temperature ox- 

dation. This has led to the development of several new mecha- 

isms, some popular examples are AramcoMech 2.0 [33–35] and 

P-mech [36,37] . The Aramco mechanism is developed over a 

eries of articles in a hierarchical fashion. First, the combustion 

hemistry of H 2 and CO is modeled [33] , which is then extended 

ith the combustion of methane, methanol, etc. [34] . The result 

s a very detailed mechanism that is validated for a wide array of 

uels and conditions. These conditions include flow reactor experi- 

ents down to 600K, i.e., temperatures relevant to plasma-assisted 

ombustion. Especially at low temperatures, AramcoMech is found 

uperior compared to GRI-Mech 3.0 [38,39] . HP-mech has been 

sed in fewer published research works but has been validated for 

lasma-assisted combustion research, e.g., [16,17,40] . 

The ability of plasma to rapidly dissociate molecules at low 

emperatures, allows them to activate reactions at low tempera- 

ures. Exactly this chemistry activation is one of the main difficul- 

ies in low-temperature oxidation experiments. Therefore, plasma- 

ssisted oxidation experiments can provide unique insight into 

ow-temperature oxidation pathways. In a series of papers, Tsolas 

t al. [18,19,41] and Togai et al. [42] performed measurements of 

lasma-assisted oxidation in a flow reactor setup. The flow reactor 

xperiments are conducted in a highly diluted Argon ( Ar > 99% vol ) 

nvironment. These diluted conditions are ideal to study the ki- 

etics of plasma-assisted combustion at a constant temperature, as 

he chemical heat release is negligible. Due to the negligible heat 

elease, thermo-chemical plasma instabilities are avoided [43,44] , 

hich makes it possible to generate a rather uniform plasma. 

hough in [45] a 0D model gave reasonable results for filamentary 

lasma, we studied oxidation in a nearly homogenous plasma to 

emove as many uncertainties as possible. Zero-dimensional mod- 

ls are ideal to study plasma kinetics as these are sufficiently af- 

ordable to utilize detailed chemical mechanisms. 

Performing plasma-assisted oxidation experiments in diluted 

onditions does have its limitations, as the bath gas has an in- 

vitable effect on the plasma chemistry [46] . This implies that in 

he experiments of Tsolas et al. [18,19,41] and Togai et al. [42] the 

lasma chemistry is driven by argon. As such, the chemistry in 

hese experiments is mostly driven by dissociative quenching of 

lectronically excited argon, producing conventional combustion 

adicals. Similarly, in the experiments of Snoeckx et al. [30] , where 

n extremely lean ( φ = 0 . 01 ) oxygen/hydrogen mixture is oxidized, 

he electronically excited oxygen chemistry is dominant. In con- 

rast, in a follow-up study [31] where an extremely rich ( φ = 

9 . 5 ) oxygen/hydrogen mixture is used, the chemistry is domi- 

ated by hydrogen radicals. At the same time we should realize 

hat the chemical potential associated with an electronically ex- 

ited state is lost within a couple of reactions and conventional 

adicals are formed, e.g., [7,30,31,42,47] , these radicals then take 

art in the low-temperature oxidation chemistry. Therefore, differ- 

nt bath gasses are required to study the plasma chemistry, but the 

ow-temperature oxidation chemistry studied under diluted condi- 

ions can to a large extent be generalized. 

In this article, we develop a thermodynamically consis- 

ent [48] plasma chemistry mechanism. This mechanism is coupled 

ith three different combustion mechanisms (GRI-Mech 3.0, Aram- 

oMech 2.0 and HP-mech). The mechanisms are time-integrated 

ith a 0D equivalent circuit model. This equivalent circuit model 

s used to describe nanosecond dielectric barrier discharges. These 

umerical results are compared to the measurements performed 

y Tsolas et al. [18,19,41] and Togai et al. [42] . Since GRI-Mech 3.0

s not developed for larger hydrocarbons, only the oxidation of H 2 

nd CH 4 is considered. All mechanisms predict similar trends as 
2

bserved in the experiments, but (significant) quantitative differ- 

nces are present. The main differences to earlier numerical work 

n this setup [42,47,49] , is our sensitivity analysis on model pa- 

ameters and our more detailed flux analysis. In this analysis, the 

emperature dependence of different pathways is studied in detail. 

rom this analysis, we conclude that plasma can induce sustained 

eactivity in H 2 and not in CH 4 below the ignition threshold. With 

ustained reactivity, we mean: significant reactivity (or continua- 

ion of the oxidation) in the combustible mixture after plasma ac- 

ivation. 

. Method 

In this article, a flow reactor is modeled as used in the exper- 

ments of Tsolas et al. [18,19] . The reactor is heated to a certain

emperature with a fixed flow of a highly diluted combustible mix- 

ure blue( X Ar > 0 . 99 ). At the entry of the reactor, a DBD is placed

hich provides plasma activation. We will assume that this is a 

patially homogenous plasma. After this plasma, the flow remains 

t a constant temperature for some time before it is cooled. We 

ssume that the mixture does not react further while it is being 

ooled and stop our simulations at the end of the constant tem- 

erature section. At the exhaust of the flow reactor, gas samples 

re captured and analyzed using a gas analyzer. It is assumed that 

onvective fluxes are much larger than diffusive fluxes and there- 

ore the entire reactor can be modeled as a plug-flow reactor. 

.1. Governing equations 

A zero-dimensional plug-flow reactor at constant pressure p

nd temperature T , which has a density ρ is modeled. The posi- 

ion inside the flow reactor x can be related to time t by assuming 

hat the flow velocity v is constant: 

 x = v d t. (1) 

or the flow velocity to be constant, the density changes must be 

egligible. This is reasonable, as the energy deposition and chem- 

cal heat release is low, such that the temperature is (nearly) con- 

tant [19,41] . Togai et al. [49] modeled this reactor both as a con- 

tant temperature reactor and an adiabatic reactor. They found that 

he temperature rise is less than 35K in the adiabatic case and 

hould therefore not impact the results. Additionally, due to the di- 

uted conditions, the changes in composition are only minor. Using 

he transformation from Eq. 1 the conservation equations are writ- 

en in terms of time instead of reactor position. The species mass 

ractions, Y i , for N s species are computed via the conservation of 

pecies: 

d Y i 
d t 

= ω i M i for i = 1 , N s , (2) 

here ω i is the chemical source term (mol/m 

3 s) and M i is the mo-

ar mass of species i . 

One of the main challenges in 0D plasma modeling is estimat- 

ng the deposited energy and reduced electric field. To model this, 

e employ an equivalent circuit model [49,50] . The dielectric bar- 

ier discharge is modeled as a capacitor ( C d ) and the gas as a ca-

acitor ( C g ) and a variable resistor ( R g ) in parallel, see Fig. 1 . When

he applied voltage V p (t) increases, a voltage drop over the dis- 

harge gap is created, i.e., an electric field is induced. This electric 

eld accelerates free electrons in the gas, which results in chemi- 

al activation and ionization of the gas. When electrical breakdown 

f the gas occurs (electron concentration is high) the resistance 

f the variable resistor R g reduces significantly. In a short time, a 

arge current, the conductive current ( i cond ), runs through the gas 

roviding most of the coupled energy. This current short circuits 

he gas-phase capacitor and quickly charges the dielectric capaci- 

or. Due to the charging of the dielectric capacitor, the voltage drop 
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Fig. 1. A schematic representation of the equivalent circuit model employed. 
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cross the discharge gap reduces, which removes the electric field 

n the discharge gap. Finally, the cable resistance is modeled as an 

hmic resistor ( R c ). In our further discussion, we have used the 

aming convention as presented in for example Pai et al. [51] and 

usterholtz et al. [52] . This model has as input V p (t) and the di-

lectric constants: C d and C g . The dielectric constants are depen- 

ent on the experimental setup, which will be discussed later. 

A set of algebraic differential equations is then solved to ob- 

ain the plasma power. The voltage drop across the dielectric, V d , 

volves as a function of the total current, i tot , via 

 d 

d V d 

d t 
= i tot . (3) 

ext, the voltage drop across the discharge gap ( V g ) is given by 

 g 
d V g 

d t 
= i tot − i cond . (4) 

he displacement current, i.e., the current charging the gas phase 

apacitor is given by i dis = i tot − i cond . To close this system of equa-

ions, conservation of current through a cable resistor is used, 

 tot + 

V p (t) − V d − V g 

R c 
= 0 . (5) 

n this equation (t) is used to indicate that V p is a user-defined 

ime-dependent function, while V d and V g are solved via Eq. 3 and 

q. 4 . Eq. 5 is an algebraic equation, which balances the actual i tot 

ith that expected based on the voltage drop across the resistor. 

he advantage of this formulation compared to the formulation by 

ogai [49] , is that this formulation ensures the conservation of cur- 

ent. Moreover, the applied voltage is used instead of its derivative, 

hich provides two advantages: 

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 V p , 

which is avoided in this formulation. 

The entire set of N s + 2 differential Eqs ( 2,3 and 4 ) and 1 alge-

raic Eq. (5) is solved using Sundials IDA solver [53,54] . 

.2. Closure 

The ideal gas law is utilized to relate molar concentration to 

ressure and temperature: 

 = 

p 

RT 
. (6) 

imilarly, the density is computed as 

= 

p M̄ 

, (7) 

RT 

3 
ith M̄ the mean molar mass of the mixture. 

For the chemical source term ( ω i ), consider a general chemical 

eaction 

N s 
 

i =1 

v ′ k,i χi ↔ 

N s ∑ 

i =1 

v ′′ k,i χi , (8) 

here v ′ 
k,i 

and v ′′ 
k,i 

are the forward and reverse stoichiometric co- 

fficients for species i in reaction k and χi the symbol for species 

 . The rate-of-progress for this reaction is then given by: 

 k = 

N s ∏ 

i =1 

k f ,i c 
v ′ 

k,i 

i 
−

N s ∏ 

i =1 

k b ,i c 
v ′′ 

k,i 

i 
, (9) 

here k f ,i and k b ,i are the forward and reverse rate constant fol- 

owing Chemkin [55] and c i is the molar concentration of species 

 ( c i = ρY i /M i ). The chemical source term of species i is then ob-

ained via 

 i = 

N r ∑ 

k =1 

(v ′′ k,i − v ′ k,i ) R k . (10) 

dditional plasma-based reactions are added to the conventional 

hemkin rate constants. These plasma-based reactions involve 

lectrons, whose reaction rate is dependent on the electron energy 

istribution function (EEDF). The electrons can have a significantly 

ifferent kinetic ener gy (tem perature) than the gas, as these are 

asily accelerated by the electric field. As such, the kinetic energy 

f the electrons is determined by the reduced electric field ( E/N, 

ith N = cN a ). Rate constants of reactions involving electrons are 

herefore a function of the reduced electric field and the gas com- 

osition. In the cases of interest, the mixture composition does not 

hange drastically, such that the composition dependency is negli- 

ible. Therefore, these rate constants are pre-computed using the 

wo-term Boltzmann solver Bolsig [56] and tabulated as a function 

f E/N for use during the simulation. In the Supplementary Mate- 

ials results are presented where this table is updated every five 

ischarges to validate this assumption. 

The reduced electric field (Vm 

2 ) inside the discharge gap is 

omputed via 

/N = 

| V g | 
d gap cN A 

, (11) 

ith d gap the discharge gap height and N A Avogadro’s constant. The 

as-phase current i cond can then be computed using the electron 

obility, μe , 

 cond = c e μe EA gap , (12) 

here A gap is the area of the discharge gap. Just as the rates of 

eaction for reactions involving electrons, the electron mobility is 

 function of the reduced electric field and the gas composition. 

herefore, it is also tabulated and retrieved during the simulation. 

.3. Reaction mechanisms 

The chemistry used in this article is based on the work of [29] .

owever, several modifications are made: First, the thermody- 

amic data of excited state species is corrected as outlined in 

azenberg et al. [48] . Second, as the thermodynamic data of ex- 

ited state species is now consistent, reverse rates of reactions with 

xcited state species are computed from thermodynamic princi- 

les. Third, the argon plasma chemistry is extended based on the 

echanism provided by Tsolas [57] . The rate of dissociative dis- 

ociation of Ar ∗ with H 2 and O 2 used by Tsolas et al. is close to 

ecent measurements by Winters et al. [20] . Fourth, three different 

ombustion mechanisms are used: 1) GRI-Mech 3.0 [32] as origi- 

ally done in [29] , 2) HP-mech [36,37] which is developed for low- 

emperature 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] . 
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ncludes a more detailed low-temperature description. Fifth, the 

ist of electron/neutral collisions is extended; now it involves Ar, 

 2 , H 2 , CH 4 , O 3 and H 2 O . The cross sections for these processes are 

aken from LXCat [58] , where Ar, O 2 and H 2 cross sections come 

rom the IST-Lisbon database [59] , the CH 4 set comes from Bouw- 

an et al. [60] (which is an extension of Song et al. [61] ) and the

 3 and H 2 O come from the Morgan database [62] . The authors re- 

lize that the H 2 O dataset from Morgan should not be used in Bol- 

ig, as it does not include rotational processes. However, the con- 

itions of interest contain more than 99 % vol Argon. As such, the 

verall electron-to-gas energy transfer and EEDF are predominantly 

etermined by the Ar cross sections. Therefore, neglecting the ro- 

ational energy transfer does not (significantly) impact the overall 

ransfer, while electron dissociation, like 

 2 O + e → H + OH + e , (R.1) 

s included in this manner. As a word of caution, this invalidates 

he mechanism in the presence of significant water vapor concen- 

ration. All three mechanisms are provided in the Supplementary 

aterials, including the tabulation of the electron reaction rate 

onstants. 

. Validation of model and mechanisms 

.1. Experimental setup 

We validate our methodology and mechanism against the con- 

tant temperature flow reactor experiments from Tsolas and To- 

ai [18,19,41,42,49] . For a detailed description of the experimental 

onditions and the setup dimensions, we refer the reader to those 

rticles. Here is a summary: A gas mixture flows through a 45cm 

 L ) long duct with a rectangular cross section at isothermal con- 

itions, of which the first 5cm ( L p ) can be treated by the plasma.

t the outlet of the reactor, the gas composition is measured with 

 gas analyzer. The height of the discharge gap is 7mm ( d gap ) and

he width of the reactor is 9mm ( W ). The area of the discharge

ap, required in Eq. 12 , is then A gap = W L p Within this discharge

rea, nanosecond discharges are generated by a DBD setup with a 

requency of 1kHz. In Fig. 2 , a schematic is provided of these set-

p dimension. 

The coupled plasma power is determined by the maximum 

oltage ( max (V p (t)) = 10 kV ), the pulse rise-time and the dielec- 

ric constants in the equivalent circuit model [63] . These param- 

ters are estimated as follows: Using the parallel plate capacitor 

ormula and the setup parameters we estimate C g = 0 . 57 pF and 

 d = 4 . 05 pF . The uncertainty of these parameters is relatively large,

he reason for which is twofold: 1) The uncertainty of the dielec- 

ric constant of the involved materials is large. 2) The fact that 

he discharge gap size is large compared to the width of the re- 

ctor means that the parallel plate formula is strictly not appli- 

able. Unfortunately, no coupled power measurements are avail- 

ble. Therefore, these estimated parameters can not be validated. 

hough the cable resistance ( R c ) has a physical meaning, we have 

ainly included it in the model to provide closure of the govern- 

ng equations and improve numerical stability. For these simula- 

ions, we have used R c = 1 m � such that the results are not modi-

ed by it while maintaining numerical stability. The low value for 
4 
 c is equivalent to assuming that the voltage waveform is mea- 

ured near the DBD instead of at the power supply. The voltage 

aveform is obtained by fitting a Weibull function to the wave- 

orm provided by Togai et al. [49] . 

The temperature of the isothermal region is modified from 405 

o 1260K, while the pressure is constant at 1atm. In each of these 

xperiments, the volume flow rate (at standard conditions) is iden- 

ical such that the residence time ( τ ) inside the reactor reduces 

ith temperature ( τ = 510 . 3 Ks /T and τp = 56 . 7 Ks /T ) [49] . As a re-

ult, τp varies from 140 to 45ms and thus the number of plasma 

ischarges received by the mixture varies between 140 and 45. 

imulations can only be performed for an integer number of dis- 

harges. This implies that it is only possible to simulate at discrete 

alues of the residence time, and thus discrete reactor tempera- 

ures. Therefore, the rector temperature is increased in steps. The 

emperature difference between two simulations can then be ob- 

ained from 

T = 56 . 7 e 3 

�N p 

(N p − �N p ) N p 
, (13) 

here N p is the number of discharges received by the mixture and 

N p is the difference in the number of discharges between sim- 

lations. Near the ignition temperature, we have performed sim- 

lations at every integer number of discharges, while below the 

gnition threshold, we have performed simulations for every five 

ischarges. 

.2. Electrical characteristics 

To validate our equivalent circuit model we have performed a 

imulation in pure Ar. The simulation is performed at 1atm and 

00K with a peak voltage of 9.8kV, these values are taken from 

solas et al. [64] . Only in this simulation, a peak voltage of 9.8kV is

sed, which matches the value provided by Tsolas et al. [64] while 

arlier works report 10kV [18,19,42,49] . In the left frame of Fig. 3 ,

he applied voltage waveform and voltage across the discharge 

ap are presented. The applied voltages are obtained from Tsolas 

t al. [64] by converting the electric field, assuming a peak volt- 

ge of 9.8kV. The discharge gap voltage is obtained by assuming a 

ap size of 7mm. A comparison is made between the present V p 
nd the model and measurement of Tsolas et al. [64] . The only dif- 

erence between the present voltage waveform and that presented 

n Tsolas et al., is that we used a Weibull function, while Tsolas 

t al. used a Gaussian function. Both waveforms closely match the 

xperimentally measured waveform. 

When comparing the voltage waveforms across the discharge 

ap between our work and the model results of [64] , some differ- 

nces and similarities can be observed. In both, the present results 

nd the results from Tsolas et al. the voltage drop across the dis- 

harge gap increases until t ≈ 100 ns . The increase in the voltage 

as a similar shape as the voltage provided by the power sup- 

ly. In both, the voltage drop across the discharge gap is slightly 

ower than that delivered by the power supply, which is due to 

he capacitance of the dielectric material. At approximately 100ns 

lectrical breakdown occurs, which can be seen from the sharp de- 

rease in the discharge gap voltage. Breakdown occurs because the 

lectron concentration in the gap is sufficiently large such that the 
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Fig. 3. Left) Applied voltage waveform ( V p ) and voltage across the discharge gap ( V g ). 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 1atm 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.) 
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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] . 
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as becomes conductive. Electrical charge quickly accumulates on 

he dielectric material, opposing the applied voltage and thereby 

educing the gap voltage. In the results of Tsolas et al., electri- 

al breakdown of the discharge gap occurs slightly earlier and at 

 slightly higher voltage. The small difference in gap voltage at 

reakdown explains the difference in peak E/N, shown in the right 

raph. 

After the peak in applied voltage, the voltage in the discharge 

ap becomes negative. As a result, the charge accumulated at the 

ielectric material returns via the conductive channel back to the 

ower supply. In this second discharge (reflected pulse), some 

mount of energy is coupled into the plasma at a low reduced 

lectric field, see the right frame of Fig. 3 . The energy deposited 

n the discharge gap (coupled energy) and the energy deposited in 

he discharge gap plus the energy stored in the dielectric capacitor 

coupled + stored energy) are also included in the right graph. The 

oupled energy is computed by integrating i cond V g , while the cou- 

led + stored energy is computed by integrating i tot V p (t) . Note that

he energy lost in the cable resistance R c is negligible due to its 

ow resistance. Two notable differences can be identified by com- 

aring our modeling results to those in Tsolas et al. [64] : 1) The

tored energy before breakdown occurs is much larger in Tsolas 

t al. than in the present results. This implies that the total cir- 

uit capacitance ( C −1 
tot = C −1 

d 
+ C −1 

g ) is much larger in their results.

) The final coupled energy is larger in the results of Tsolas et al. 

han in our results. This is most likely the result of a larger C d in

heir model. As a consequence, more charge is transferred during 

reakdown and thus during the reflected pulse, which leads to a 

igher coupled energy. 

The deposited energy is an important parameter in plasma- 

ssisted oxidation/combustion as it directly determines how many 

xcited species can be produced. Unfortunately, no measurements 

re available for the deposited energy in this experimental setup. 

solas et al. [64] do provide an estimate for the energy loading 

btained in two different ways: 1) estimation of the coupled en- 

rgy via the model of Adamovich et al. [63] (referred to as model) 

nd 2) estimation of the coupled energy by matching the fuel con- 

umption (ethylene) (referred to as inferred). In our model, the 

nergy loading is computed by integrating i cond V g over the dura- 

ion of the simulation. Within our framework the coupled energy 

s computed for the entire range temperature range of the experi- 

ents [18,19,41,42,49] and three mixtures: 

1. Mixture of X Ar = 0 . 995 , X O 2 = 30 0 0 ppm and X H 2 = 20 0 0 ppm 

2. Mixture of X Ar = 0 . 9954 , X O 2 = 30 0 0 ppm and X CH 4 
= 1600 ppm 

3. X Ar = 1 

The coupled energy is computed for all three mechanisms and 

s found to be nearly identical ( < 0 . 5% ). 
5 
In Fig. 4 the energy loading in joule per mole per pulse is com- 

ared to those presented in Tsolas et al. [64] . The energy loading 

f the H 2 / O 2 /Ar and CH 4 / O 2 /Ar cases very less than 2.5% over the

ntire temperature range and are therefore drawn as a single line. 

he model and inferred values provided by Tsolas et al. are signifi- 

antly higher than those predicted by our methodology. All model- 

ng results indicate that the coupled energy is rather constant with 

emperature, which is expected [63] . Several noteworthy observa- 

ions 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 X O 2 is only 30 0 0ppm. 

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 

hat surprising: 1) Dielectric constants for the materials used are 

ncertain and 2) the parallel plate formula does not include edge 

ffects. It might very well be that the dielectric constants are a 

actor two higher. In Table 1 we have reported the coupled energy 

t T = 630K for different model parameters. The top row contains 

he default parameters, both C d and C g have been doubled and for 

ompleteness, a physically accurate value for R c is also included. 
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Fig. 5. Mole fractions of H 2 and O 2 as a function of reactor temperature, initial molar fractions are: X Ar = 0 . 995 , X O 2 = 30 0 0 ppm and X H 2 = 20 0 0 ppm . 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 d 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. 

C d C g R c 
∫ 

i c V g d t

4.05pF 0.57pF 1m � 2.60J/mol 

8.10pF 0.57pF 1m � 5.24J/mol 

4.05pF 1.14pF 1m � 2.55J/mol 

8.10pF 1.14pF 1m � 5.22J/mol 

4.05pF 0.57pF 50 � 2.60J/mol 

8.10pF 0.57pF 50 � 5.22J/mol 

4.05pF 1.14pF 50 � 2.55J/mol 

8.10pF 1.14pF 50 � 5.19J/mol 
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Fig. 6. Mole fractions of CH 4 , CO 2 and CO as a function of reactor temperature, 

initial molar fractions are: X Ar = 0 . 9954 , X O 2 = 30 0 0 ppm and X CH 4 = 160 0 ppm . 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 C d value. 

Fig. 7. Mole fractions of C 2 H 6 , C 2 H 4 and C 2 H 2 as a function of reactor temperature, 

initial molar fractions are: X Ar = 0 . 9954 , X O 2 = 30 0 0 ppm and X CH 4 = 160 0 ppm . 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] . 
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rom the table, it can be concluded that neither C g nor R c has a

ignificant impact on the discharge energy, while, in these condi- 

ions, the coupled energy scales linearly with the dielectric con- 

tant. Therefore, it is likely that the estimate of the dielectric con- 

tant ( C d ) is higher in Tsolas et al. [64] than in this work. 

.3. Results for hydrogen experiments 

In Fig. 5 model results with the three different mechanisms are 

ompared against the experimental results from Tsolas et al. [19] . 

t the lowest temperature, the consumption of hydrogen and oxy- 

en is negligible in both experiments and measurements. With in- 

reasing temperature, both experiments and measurements show 

n increasing oxidation degree with a similar trend. Above T = 

50K all results show complete oxidation of the available hydro- 

en. While all three mechanisms qualitatively show similar trends, 

he quantitative behavior is slightly different. GRI-Mech 3.0 (dash- 

ot curves) shows the poorest match with the experimental re- 

ults. The results computed using HP-mech (solid curves) show a 

etter agreement with the measurements, but still show a signif- 

cant difference in the range from 650 to 850K. Finally, the use 

f AramcoMech 2.0 (dashed curves) yields an excellent agreement 

ith the experimental measurements of O 2 and H 2 concentration. 

The uncertainty due to model parameters is also included via 

he dotted line. For these results, C d has been doubled, which has 

he biggest impact on the coupled energy and thereby oxidation, 

ee Table 1 . This modification has only been included with Aram- 

oMech 2.0 as the other mechanisms respond similarly. Based on 

he uncertainty due to the coupled energy, it can be safely con- 

luded that all mechanisms are within the modeling uncertainty 

f these measurements. 
6 
.4. Results for methane experiments 

For methane, the available experimental data is more exten- 

ive. Major species (CO, CO 2 and CH 4 ) are depicted in Fig. 6 , and 

inor species ( C 2 H 6 , C 2 H 4 and C 2 H 2 ) in Fig. 7 . Again, qualita- 

ively all three mechanisms show a very similar trend to the ex- 

erimental results from Tsolas et al. [18] . From the major species 

raph, we see that the CH 4 concentration decreases almost lin- 

arly from 400K to 10 0 0K. At the same time, the CO concentra- 
2 
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Fig. 8. The fraction of CH 4 that is consumed inside the plasma zone compared 

to the reactor outlet, initial molar fractions are: X Ar = 0 . 9954 , X O 2 = 30 0 0 ppm and 

X CH 4 = 1600 ppm . The solid line is the result obtained with HP-mech, dashed with 

AramcoMech 2.0 and dash-dot with GRI-Mech 3.0. 
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ion remains constant and nearly zero until 1100K. Above this tem- 

erature, the mixture ignites within the reactor (residence time) 

nd is fully converted to products. The CO concentration initially 

ncreases linearly ( 400 < T < 700K ) and then remains nearly con-

tant until 1100K. When comparing the CO and CH 4 concentrations 

t is clear that the increase in CO can not account for the decrease

n CH 4 . This indicates that products other than CO are formed be- 

ween 400 and 1100K. 

When comparing the numerical results with the experimental 

esults the GRI-Mech 3.0 (dash-dot) stands out: Ignition (see Fig. 6 ) 

ccurs at a significantly lower temperature than for the experimen- 

al results and the other two mechanisms. However, the general 

rend is very similar, i.e., a downward slope in CH 4 concentration 

t a temperature below approximately 10 0 0K, an increase in slope 

agnitude (for T ≥ 10 0 0K ) and then ignition and full conversion. 

oth HP-mech and AramcoMech 2.0 show a bit more detail than 

RI-Mech 3.0, e.g., a small bump near 700K, especially visible in 

he CO mole fraction. This can be explained by the limited low- 

emperature chemistry that is present in GRI-Mech 3.0. However, it 

s worth noting that this bump is not present in the measurements. 

or the major species, HP-mech and AramcoMech 2.0 give nearly 

dentical results close to the experimental values. Moreover, they 

oth capture the rapid transition around 1150K accurately. None of 

he mechanisms predicts the relatively large concentration of CO 

emaining above the ignition threshold. However, conditions above 

he ignition threshold are not the main focus of this article and 

hus not considered in our further analysis. 

For the methane results (just as for hydrogen), the value of 

 d is also doubled and simulations with AramcoMech 2.0 are in- 

luded as the dotted line. Similar observations to the hydrogen 

ase can be made, due to the increased C d value the coupled en- 

rgy is larger (see Table 1 ) as a result the oxidation increases. In

he case of methane, a clear ignition threshold is visible, which is 

hifted to a lower temperature due to the increased coupled en- 

rgy. Based on the uncertainty of the coupled energy (the default 

 d is a lower bound), it can be concluded that GRI-Mech 3.0 is 

oo reactive in these experiments. When accounting for the uncer- 

ainty due to the coupled energy, both the results from HP-mech 

nd AramcoMech 2.0 can reproduce the experiments. 

In Fig. 8 the converted fraction of CH 4 at the end of the plasma 

ection is compared to that at the reactor outlet, i.e., 

p = 

X CH 4 , 0 − X CH 4 , L p 

X CH 4 , 0 − X CH 4 , L 

. (14) 

 value of 100% indicates that all CH 4 converted is consumed 

ithin the plasma section of the reactor. For all mechanisms, be- 

ow 800K all CH is converted within the plasma section of the 
4 

7

eactor. This implies that the oxidation of methane, at these tem- 

eratures, does not occur without the aid of plasma. The minimum 

n these curves is the point at which ignition occurs within the 

ow reactor, i.e., the plasma generates precisely enough radicals 

or the ignition delay to occur within the residence time. Above 

his point, the plasma dissociates more methane than required for 

gnition to occur within the reactor. Within these simulations, ig- 

ition of methane does not occur within the plasma section of the 

eactor, otherwise, the fraction would return to 100%. 

The main differences in measured and predicted species con- 

entrations are visible for C 2 H 2 , see Fig. 7 . All three mechanisms 

redict a very small amount of C 2 H 2 near the ignition threshold, 

ut this has not been observed experimentally. None of the mech- 

nisms predicts the small amount of C 2 H 2 produced between 650 

nd 750K in the experiments. A significant amount of C 2 H 4 is pre- 

icted by all three mechanisms, which drops to zero at the igni- 

ion threshold. All three mechanisms predict a very similar trend: 

n exponential increase in the concentration starting at 600K. The 

agnitude of the peak at 1150K is captured most accurately by 

P-mech, while AramcoMech 2.0 over-predicts the peak concen- 

ration. While GRI-Mech 3.0 captures the magnitude of the peak in 

 2 H 4 accurately, it does - due to the lower ignition temperature - 

redict it at a lower temperature. Overall, the trend for all mech- 

nisms is very similar and the onset of C 2 H 4 production is pre- 

icted accurately by all three mechanisms. Finally, the production 

f C 2 H 6 starts at the lowest temperature (in the numerical mod- 

ls), the trend is well represented by both AramcoMech 2.0 and 

P-mech, while the onset of C 2 H 6 production is significantly un- 

erpredicted by GRI-Mech 3.0. The magnitude of C 2 H 6 production 

s most accurately captured by AramcoMech 2.0. 

In Fig. 9 , the simulated production of H 2 O and H 2 is illustrated. 

he predicted trend of H 2 O production is very similar to the CO 

roduction in Fig. 6 . The main difference is that the CO concentra- 

ion returns to a low value above the ignition temperature, while 

 2 O increases. When comparing the CO and H 2 O concentration 

rom 405 to 10 0 0K, it can be noted that the H 2 O concentration 

s approximately twice that of CO. This implies either that a small 

mount of atomic H is released in the partial oxidation of CH 4 or 

hat H 2 is formed. This is confirmed by the profile of the produc- 

ion of H 2 : It increases with an increase in reactor temperature and 

ecreases above ignition. 

Finally, in Fig. 10 the simulated production of methanol 

 CH 3 OH ) and formaldehyde ( CH 2 O ) is shown. Unfortunately, 

o measurements for these species are available, but we have 

ncluded the numerical results anyway as they are stable inter- 

ediates. Moreover, the most significant differences between the 

echanisms are present in these results. The results obtained 
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Fig. 10. Mole fractions of CH 3 OH and CH 2 O against reactor temperature, initial mo- 

lar fractions are: X Ar = 0 . 9954 , X O 2 = 30 0 0 ppm and X CH 4 = 160 0 ppm . The solid lines 

are results obtained with HP-mech, dashed with AramcoMech 2.0 and dash-dot 

with GRI-Mech 3.0. 
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y AramcoMech 2.0 show a significant amount of CH 3 OH below 

00K, while GRI-Mech 3.0 shows nearly no CH 3 OH . Above 800K 

he three mechanisms, show a qualitatively similar trend in the 

H 3 OH production; a nearly linear decrease until the ignition 

emperature. The difference in the production of CH 2 O is much 

maller. The shape of the CH 2 O curve predicted by using Aram- 

oMech 2.0 and HP-mech are rather similar. However, the peak 

resent in the HP-mech results, around 650K, is not present in the 

ramcoMech 2.0 results. Above 700K both AramcoMech 2.0 and 

P-mech predict a linear decrease in the CH 2 O production with a 

harp drop at the ignition threshold. Again, GRI-Mech 3.0 predic- 

ions are rather different from those of the other two mechanisms, 

hich show a smooth hill with a peak at 900K. 

. Pathways in low-temperature hydrogen oxidation 

To analyze differences between plasma-assisted H 2 and CH 4 

xidation, pathway analysis is performed. The rates of reaction 

rogress are integrated over the residence time inside the plasma 

ection of the reactor to obtain the net conversion by each re- 

ction. We have opted to only integrate the chemical rates of 

rogress over the plasma section as this will provide the most 

nsight into the combustion activation via the plasma. When the 

ates of progress are integrated over the entire domain chemical 

unaway via conventional high-temperature pathways will domi- 

ate the chemistry above 1150K (or 1100K in GRI-Mech 3.0). 

This integral analysis shows that the rate of thermal decompo- 

ition of H 2 and O 2 by 

 2 + M ↔ 2H + M (R.2) 

nd 

 2 + M ↔ 2O + M (R.3) 

s very low. The initial H radicals are provided via the reaction of 

 2 with excited argon, 

 2 + Ar ∗ ↔ 2H + Ar , (R.4) 

hich deactivates an electronically excited Ar atom and produces 

wo hydrogen radicals (dissociative quenching). At the same time, 

nitial O radicals are produced by the plasma through the reaction: 

 2 + Ar ∗ ↔ 2O + Ar . (R.5) 

ver the entire temperature range, the rate of progress of reactions 

.4 and R.5 is six orders of magnitude higher than the conventional 

issociation reactions ( R.2 and R.3 ). Reactions R.4 and R.5 are the 
8 
nly reactions competing for the available Ar ∗ as physical quench- 

ng, via 

r ∗ + Ar ↔ 2 Ar (R.6) 

r 

r ∗ + 2 Ar ↔ 3 Ar (R.7) 

s significantly slower. The excited argon required in reactions 

.4 and R.5 is produced via the plasma reaction: 

r + e → Ar ∗ + e . (R.8) 

he reactions identified above are the only reactions involving 

lectronically excited states that contribute at least 5% to the ox- 

dation of hydrogen. The reactions involving electronically excited 

 or O 2 are only a minor contribution to the oxidation. This obser- 

ation has also been made by Togai et al. [49] in their sensitivity 

nalysis of these experiments. The observation is due to the low 

oncentration of oxygen ( X O 2 = 30 0 0 ppm ), making it far less likely

hat electronically excited O 2 or O is produced by electron impact. 

or example, in Snoeckx et al. [30] the O 2 concentration is much 

igher, and O(1D) is found to be important to the oxidation of hy- 

rogen. 

.1. Low-temperature radical cycle 

The hydrogen radicals produced in R.4 are converted into HO 2 

ia 

 + O 2 ( +M ) ↔ HO 2 ( +M ) . (R.9) 

he oxygen radicals produced by the plasma (R.5) attack the rela- 

ively stable HO 2 and form OH via 

O 2 + O ↔ O 2 + OH . (R.10) 

hen the temperature is less than 450K (depending on the mech- 

nism), most of the OH reacts with the available O radicals and 

orms: 

H + O ↔ O 2 + H . (R.11) 

his creates a cyclic process of reactions R.9, R.10 and R.11 , where, 

ith every roundtrip, two O atoms are recombined. Via this cycle, 

he O atoms produced via Ar ∗ quenching (R.5) are removed from 

he radical pool, without progressing the H oxidation. Two reac- 

ions are active, which do progress the oxidation, 

O 2 + OH ↔ O 2 + H 2 O , (R.12) 

hich removes two O atoms from the radical pool but also pro- 

uces H 2 O , and 

H + H 2 ↔ H 2 O + H , (R.13) 

hich produces H 2 O and a H radical. Reaction R.12 and R.13 do 

ompete with R.10 and R.11 for the available HO 2 and OH respec- 

ively. However, R.10 and R.11 are significantly faster such that the 

ajority of the H atoms are cycled in the reaction chain of R.9, 

.10 and R.11 . 

.2. Mid-temperature radical cycle 

Under the conditions of these experiments, R.13 becomes dom- 

nant over R.11 above 450K. A new cycle of reactions R.9, R.10 and 

.13 forms, which consumes one oxygen radical per roundtrip and 

roduces one H 2 O . Therefore, this cycle is significantly more effi- 

ient at oxidizing hydrogen than the earlier mentioned cycle (see 

he low-temperature and mid-temperature illustration in Fig 11 ). 

his can be used to explain the low-oxidation degree at 400K and 

he increase of the oxidation degree beyond that, as it is observed 

n 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. 

Fig. 12. Normalized mean reaction rate for reaction R.11 and R.13 for the three 

different mechanisms, initial molar fractions are: X Ar = 0 . 995 , X O 2 = 30 0 0 ppm and 

X H 2 = 20 0 0 ppm . 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. 
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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: X Ar = 0 . 995 , X O 2 = 30 0 0 ppm and 

X H 2 = 20 0 0 ppm . 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. 
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To illustrate this change, the integrated rate of progress of each 

eaction is normalized by the total H 2 consumption, i.e.: 

¯
 k, H 2 = 

∫ τp 

0 
R k d t 

∫ τp 

0 
ω H 2 d t 

, (15) 

here k is the reaction index and subscript H 2 is used to indi- 

ate that this has been normalized with respect to H 2 consump- 

ion. This makes R̄ k, H 2 
the mean normalized reaction rate of re- 

ction k , which makes it an indicator of the importance of a cer- 

ain reaction on the overall conversion. Negative values are possi- 

le, which indicates that the reaction ran in reverse. Values above 

.0 (or below -1.0) are also possible when the reaction only in- 

olves a single H atom. For reactions R.11 and R.13 , these normal- 

zed mean reaction rates are depicted in Fig. 12 as a function of 

eactor temperature. From this graph, it can be seen that R.11 is 

he preferred pathway below 450K, but when the temperature is 

ncreased, R.13 quickly becomes dominant. Over the entire range 

f 600 to 1260K almost all H 2 is converted into H 2 O using this 

eaction ( ̄R R . 13 , H 2 
≈ 1 ). When comparing the three different mech- 

nisms, AramcoMech 2.0 stands out because the temperature at 

hich R.13 becomes dominant over R.11 occurs at a higher temper- 

ture of 450K instead of 400K. This explains why the H 2 conver- 

ion below 550K using AramcoMech 2.0 is slightly less than that 

f HP-mech and GRI-Mech 3.0 (see Fig. 5 ). However, above 600K, 

he normalized rates of R.13 in the three mechanisms converge and 

he mechanisms predict very similar results. 
9 
The series of reactions R.9, R.10 and R.13 , only require oxygen 

adicals to run (see mid-temperature illustration Fig. 11 ). This im- 

lies that reaction R.5 has a positive effect on oxidation, while re- 

ction R.4 only quenches Ar ∗ without significantly progressing the 

xidation. Of course, reaction R.4 is still required to provide an ini- 

ial pool of H radicals, but beyond that, it is in direct competition 

ith reaction R.5 and inhibits oxidation. Note, the illustrated cycle 

s not chain branching and linearly depends on the number of Ar ∗

roduced by the plasma (see R.8 ). The degree of oxidation, below 

he explosion limit, is expected to be linearly dependent on the 

oupled energy. 

.3. High-temperature radical cycle 

When the temperature is increased further, the reaction of HO 2 

ith H, 

O 2 + H ↔ 2 OH , (R.14) 

ecomes competitive with reaction R.10 . The cyclic process then 

volves into the high-temperature graph of Fig. 11 . This new cy- 

le is distinctly different. While the size of the radical pool (sum 

f H, OH and HO 2 radicals) is slowly decreasing for the low and 

id-temperature two cycles, it remains constant for the high- 

emperature one. This is because R.14 produces two OH molecules 

nd thus R.13 is run twice, which leaves one extra H to supply 

.14 . For both these reactions the normalized mean reaction rate is 

omputed and shown in Fig. 13 . Below 600K, R.10 is the dominant 

athway 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 Ar = 0 . 9954 , X O 2 = 

30 0 0 ppm and X CH 4 = 1600 ppm . 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. 
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The change in the different chemistry modes, as illustrated in 

ig. 11 , explains why the oxidation accelerates with temperature 

see Fig. 5 ). From low to high temperature, the chemistry becomes 

ore efficient at oxidizing the available H 2 . Moreover, as the dom- 

nant pathways change smoothly, see Fig. 12 and Fig. 13 , and the 

id and high-temperature modes remain mixed, no clear ignition 

hreshold is observed. Finally, these three modes can also be used 

o explain the sustained reactivity observed in recent flow reactor 

xperiments by Jans et al. [21] . In the measurements of 300 and 

00K, only the low-temperature mode is active. As a result, the 

adical chemistry quickly recombines the plasma-generated O rad- 

cals back into O 2 and the HO 2 concentration will decrease directly 

fter the plasma is stopped. When the temperature is increased, 

rst the mid-temperature mode is activated - for which it is still 

xpected that the HO 2 concentration decays after the removal of 

he plasma (as it consumes one O radical and thus depletes the 

adical pool) - and finally, the high-temperature mode is activated 

 for which it is expected that the HO 2 concentration will remain 

early constant for some time after plasma activation (as the cycle 

tself does not consume radicals). The sustained HO 2 concentration 

fter plasma activation is an indication of self-sustained reactivity. 

his leads to the conclusion that in these conditions the plasma 

an be used to accelerate the initiation reactions, after which chain 

ranching takes over and H 2 is quickly oxidized. 

. Pathways in low-temperature methane oxidation 

The oxidation of methane is significantly more complicated 

han that of hydrogen. Our analysis follows the carbon atoms in 

H 4 . The plasma dissociates CH 4 via 

H 4 + Ar ∗ ↔ CH 3 + H + Ar , (R.15) 

H 4 + Ar ∗ ↔ CH 2 + 2H + Ar , (R.16) 

H 4 + Ar ∗ ↔ CH 2 + H 2 + Ar (R.17) 

nd 

H 4 + Ar ∗ ↔ CH + H + H 2 + Ar , (R.18) 

here R.16 is more than five times faster than R.15, R.18 and 

.17 (which have equal rates). In Fig. 14 , the normalized mean re- 

ction rates for R.16 and R.15 are shown. The normalized mean re- 

ction rates for R.18 and R.17 are equal to that of R.15 since the rate
10 
onstants are equal, which is why they are not shown in Fig. 14 .

ote, differences between the mechanisms in these normalized 

ean reaction rates are not due to different rate constants but are 

ue to differences in the non-plasma pathways. The consumption 

f CH 4 occurs for nearly 50% via quenching of Ar ∗ ( 
∑ 18 

k =15 R̄ k, CH 4 
≈

 . 45 ) at T = 400K and this fraction reduces with increasing tem-

erature. Even though a small fraction (less than 10% for T > 900K )

f methane is converted by plasma reactions, the impact on the 

verall oxidation rate is not small (without plasma the mixture 

oes not oxidize [18] ). These plasma reactions are very fast and 

eplace slow initiation reactions, like reactions R.3 and 

H 4 ( +M ) ↔ CH 3 + H ( +M ) , (R.19) 

eaning that these plasma reactions accelerate the overall oxida- 

ion by the generation of initial radicals. Just as for hydrogen, our 

nalysis did not identify reactions involving O 2 or O electronically 

xcited states to significantly contribute to the oxidation. Again, 

his is likely due to the low concentration of O 2 , which makes the 

roduction of excited O 2 and O less likely. 

.1. The CH 2 pathway 

The CH 2 produced by R.16 reacts with the abundantly available 

 2 via the essentially barrierless reaction (with activation temper- 

ture T a = 754K ): 

H 2 + O 2 ↔ HCO + OH . (R.20) 

gain, a practically barrierless reaction ( T a = 206K ) follows, which 

roduces CO: 

CO + O 2 ↔ CO + HO 2 . (R.21) 

n both HP-mech and GRI-Mech 3.0, an alternative path is present 

o convert CH 2 into CO, skipping the formation of HCO: 

H 2 + O 2 → CO + H + OH . (R.22) 

his path, only available in HP-mech and GRI-Mech 3.0, produces 

n H radical instead of the HO 2 radical. However, just as in the hy- 

rogen case, reaction R.9 quickly converts H radicals into HO 2 . This 

mplies that the net effect on mixture the composition of R.22 is 

imilar to the reaction chain R.22 and R.21 . 

The above series of reactions ( R.22 and R.21 or R.22 ) requires 

he formation of Ar ∗ by the plasma, but after that, it only involves 

eactions with O 2 that have a low activation energy. Thus, this 

hort chain of reactions explains why a small fraction of methane 

s converted to CO (see Fig. 6 ), even at the lowest reactor temper- 

ture. It should also be noted that this plasma-activated pathway 

roduces OH and HO 2 radicals, which, as we will later see, allow 

xidation via a more conventional CH 4 oxidation pathway. CO is 

ot a radical and requires high temperatures and preferably the 

resence of OH, to oxidize into CO 2 . As a result, the plasma is not 

ble to completely oxidize CH 4 into CO 2 until the ignition thresh- 

ld ( Fig 6 ). 

.2. Formation of CH 3 OH 

When considering AramcoMech 2.0, the above chain produces 

wo H radicals, one OH and one HO 2 radical. These radicals are uti- 

ized in an alternative pathway, which results in an enhancement 

ver just the consumption of CH 4 by reactions R.15 and R.16 . Most 

f the OH produced in Reaction R.20 (or R.22 in HP-mech and GRI- 

ech 3.0) activates this pathway via 

H 4 + OH ↔ CH 3 + H 2 O . (R.23) 

hen the temperature is increased, H (produced by R.16 and R.15 ) 

r O radicals are also used to dissociate methane into methyl ( CH 3 ) 

ia the reactions 

H 4 + H ↔ CH 3 + H 2 (R.24) 
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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 Ar = 0 . 9954 , X O 2 = 

30 0 0 ppm and X CH 4 = 160 0 ppm . The solid lines are results obtained with HP-mech, 

dashed with AramcoMech 2.0 and dash-dot with GRI-Mech 3.0. 
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nd 

H 4 + O ↔ CH 3 + OH . (R.25) 

he normalized mean reaction rate for these three reactions is de- 

icted in Fig. 15 . In all three mechanisms, we see a similar trend.

elow 600K, predominantly the reaction with OH is active. The 

emainder of the CH 4 is consumed by Ar ∗ quenching reactions 

.15 till R.18 (see also Fig. 14 ). As the temperature is increased, the

issociation of methane via radical attack becomes more impor- 

ant. This is both because the reactions R.24, R.25 and R.23 become 

aster when the temperature is increased - as they have a rela- 

ively large activation energy - as well as an increase in the radical 

oncentration. Reaction R.23 via OH is found to be practically the 

nly pathway for methane dissociation below 800K. Above 900K, 

ll three reactions significantly contribute to the dissociation of 

ethane. In Fig. 6 , it can be seen that this corresponds to the tem-

erature at which the consumption of CH 4 starts accelerating. The 

ifferences 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- 

dation progresses via methoxide CH 3 O instead of formaldehyde 

H 2 O . This is generally the case when the temperature is low ( T <

50K ). Two possible pathways are identified: In the first, when the 

emperature is below 750K, the CH 3 radical predominantly reacts 

ith the available oxygen, 

H 3 + O 2 ( +M ) ↔ CH 3 OO ( +M ) . (R.26) 

he CH 3 OO then reacts with the H produced by reactions R.15 and 

.16 in reaction, 

H 3 OO + H ↔ CH 3 O + OH , (R.27) 

r with O in reaction 

H 3 OO + O ↔ CH 3 O + O 2 . (R.28) 

n the second, between 700 and 950K, a fraction of the CH 3 di- 

ectly forms CH 3 O using the HO 2 produced in reaction R.21 : 

H 3 + HO 2 ↔ CH 3 O + OH . (R.29) 
11 
Below 700K the oxidation of CH 3 O progresses through 

ethanol ( CH 3 OH ), either via reaction 

H 3 O + HO 2 ↔ CH 3 OH + O 2 (R.30) 

r via 

H 3 OO + OH ↔ CH 3 OH + O 2 . (R.31) 

t is also possible to form CH 3 OH directly out of CH 3 via reaction 

H 3 + OH ( +M ) ↔ CH 3 OH ( +M ) , (R.32) 

hich we identify as a minor pathway. Note that the series of reac- 

ions that convert CH 4 into CH 3 OH has a chain-terminating nature: 

eactions R.25, R.27 , and R.29 do produce OH radicals, but these 

re quickly consumed by the abundantly available CH 4 and con- 

erted into H 2 O (R.23) . Moreover, reactions R.31 and R.32 consume 

H, while reaction R.30 requires HO 2 . In other words, the produc- 

ion of CH 3 OH from CH 4 removes OH from the radical pool. The 

emoval of radicals by this initiation step of oxidation (R.23) also 

xplains that a significant amount of CH 4 can be consumed with- 

ut ignition ( Fig. 6 ). From the above analysis it is revealed that 

he size of the radical pool is effectively controlled by the amount 

f CH 4 present, i.e., the explosive growth of the radical pool is 

ot possible. As H atoms produced by the plasma - reactions R.15, 

.16, R.17 and R.18 - are quickly removed from the radical pool (H, 

H and HO 2 ), further oxidation beyond CH 3 OH is inhibited by the 

resence of CH 4 . As a result, a significant amount of CH 3 OH is pro- 

uced by the plasma below 700K (see Fig. 10 ) and the CO concen- 

ration remains rather constant up to this temperature (see Fig. 6 ). 

The reaction paths predicted by the three different mechanisms 

how a rather significant difference in this early stage of oxida- 

ion. In GRI-Mech 3.0, the CH 3 OO species is not present, such that 

he path of reaction R.26 followed by R.27 is not possible. Instead, 

n GRI-Mech 3.0, reaction R.29 is the only dominant path to pro- 

uce CH 3 O . In both GRI-Mech 3.0 and HP-mech reaction R.30 is 

ot present, which reduces the production of methanol in GRI- 

ech 3.0 to practically zero, and in HP-mech it more than halves 

t compared to AramcoMech 2.0 (see Fig. 10 ). The absence of re- 

ction R.30 in both GRI-Mech 3.0 and HP-mech is noteworthy, as 

t is identified by both Metcalfe et al. [34] and Li et al. [65] as

he third most sensitive reaction in the oxidation of CH 3 OH . At the 

ame time, it should be noted that reaction R.31 is implemented 

n the reverse direction in AramcoMech 2.0, as that is the direc- 

ion in which it progresses during the oxidation of CH 3 OH . In a 

umerical study by [66] , the rate constant in the direction defined 

n reaction R.31 , was found to be barrierless and independent of 

emperature, which is not the case in AramcoMech 2.0. 

.3. The CH 2 O pathway 

Just as in the conventional oxidation of CH 4 , formaldehyde 

H 2 O is an important intermediate in plasma-assisted oxidation 

elow 950K. Three dominant pathways are identified that progress 

he oxidation of CH 4 towards CH 2 O . The first, below 700K the main 

xidation progresses via methanol (especially in AramcoMech 2.0): 

H 3 OH + OH ↔ CH 2 OH + H 2 O , (R.33) 

ollowed by, 

H 2 OH + O 2 ↔ CH 2 O + HO 2 . (R.34) 

he second, at elevated temperatures ( 700 < T < 950K ) the oxida-

ion directly progresses via the conversion of methoxide CH 3 O to 

H 2 O following the reactions: 

H 3 O ( +M ) ↔ CH 2 O + H ( +M ) (R.35) 

nd 

H 3 O + O 2 ↔ CH 2 O + HO 2 . (R.36) 



T. Hazenberg, J. van Dijk and J.A. van Oijen Combustion and Flame 257 (2023) 113037 

Fig. 16. Normalized mean reaction rate for reaction R.42, R.41 and R.40 for 

the three different mechanisms, initial molar fractions are: X Ar = 0 . 9954 , X O 2 = 

30 0 0 ppm and X CH 4 = 160 0 ppm . The solid lines are results obtained with HP-mech, 

dashed with AramcoMech 2.0 and dash-dot with GRI-Mech 3.0. 

I

t

C

w

o

C

w

a

C

w

o

p

t

a

C

C

C

a

C

H  

b

t

o

(

1

t

d

o

i

p

B

A

t

s  

o

t

5

u

w

fi

C

w

R

C

C

a

C

T

v

C

T

C

f

C

a

C

w

C

F

q

t

C

1

s

t

s

C

f

H

w

g

v

5

p

which is then progressively broken down until CO is formed. 
n both GRI-Mech 3.0 and HP-mech an alternative and faster reac- 

ion is 

H 3 O + O ↔ CH 2 O + OH , (R.37) 

hich is not present in AramcoMech 2.0. The third is the formation 

f CH 2 O directly from CH 3 : 

H 3 + O ↔ CH 2 O + H , (R.38) 

hich only occurs if the O radical pool is sufficiently large. As an 

lternative to R.38 , the reaction with O 2 is also possible, 

H 3 + O 2 ↔ CH 2 O + OH , (R.39) 

hich has a high activation energy. Generally, R.38 and R.39 are 

nly relevant at higher temperatures (R.39) or when a significant 

ortion of the CH 4 has been consumed, such that the concentra- 

ion of atomic O can increase as R.38 competes with R.25 . 

The oxidation from CH 2 O to CO is similar for the whole temper- 

ture range. Three different reactions can form formyl (HCO) from 

H 2 O : 

H 2 O + OH ↔ HCO + H 2 O , (R.40) 

H 2 O + O ↔ HCO + OH (R.41) 

nd 

H 2 O + H ↔ HCO + H 2 . (R.42) 

CO is then converted to CO by reaction R.21 . In Fig. 16 , the

ranching between these three reactions is shown: Over the en- 

ire temperature range, R.41 has only a small contribution to the 

verall oxidation of CH 2 O . Below 700K, the reaction utilizing OH 

R.40) is the main pathway for CH 2 O consumption, while above 

0 0 0K, R.42 is preferred. The significant difference below 700K be- 

ween AramcoMech 2.0 (dashed) and the other two is due to the 

ifferences in methanol formation discussed earlier. As a result 

f this difference, more CH 3 OH is formed when AramcoMech 2.0 

s utilized and thus less CH 2 O is produced, see Fig. 10 . This im- 

lies that less CH 2 O is available for reactions R.42, R.41 and R.40 . 

esides the large difference below 700K, the differences between 

ramcoMech 2.0 and HP-mech are remarkably small; above 700K 

he relative differences are less than 30%, especially when you con- 

ider that this is one of the later steps in the oxidation of CH 4 . In

ther words, many earlier oxidation steps have already introduced 

heir differences. 
12 
.4. The C 2 H 6 pathway 

The series of reactions involved in the C 2 H 6 pathway can be 

sed to explain the results of 7 . Starting at 800K chemical path- 

ays via alkane growth are important to the overall oxidation. The 

rst step is via 

H 3 + CH 3 ( +M ) ↔ C 2 H 6 ( +M ) , (R.43) 

hich is competitive with the oxidation reactions of methyl ( R.26, 

.29 and R.38 ). This reaction is followed by 

 2 H 6 + OH ↔ C 2 H 5 + H 2 O , (R.44) 

 2 H 6 + O ↔ C 2 H 5 + OH (R.45) 

nd 

 2 H 6 + H ↔ C 2 H 5 + H 2 . (R.46) 

he produced ethyl radical ( C 2 H 5 ) is unstable and quickly reacts 

ia 

 2 H 5 ( +M ) ↔ C 2 H 4 + H ( +M ) . (R.47) 

he oxidation then continues either via 

 2 H 4 + O ↔ HCO + CH 3 , (R.48) 

ollowed by the HCO chain (R.21) , or via 

 2 H 4 + H ↔ C 2 H 3 + H 2 (R.49) 

nd 

 2 H 4 + OH ↔ C 2 H 3 + H 2 O , (R.50) 

here, C 2 H 3 is unstable and quickly forms acetylene C 2 H 2 , 

 2 H 3 ( +M ) ↔ C 2 H 2 + H ( +M ) . (R.51) 

rom this pathway, we observe that the formation of C 2 H 6 is re- 

uired before C 2 H 4 can be formed, which in turn is required for 

he formation of C 2 H 2 . Using this C 2 H x pathway, the presence of 

 2 H 2 between 600 and 800K and the lack of it between 10 0 0 and 

200K in the experiments ( Fig. 7 ) can not be explained. While not 

hown here, the predicted concentration of the intermediates in 

his chain ( C 2 H 5 and C 2 H 3 ) is negligible at the outlet. 

After the formation of C 2 H 2 , this oxidation chain is relatively 

traightforward. First, C 2 H 2 is attacked by an O radical, 

 2 H 2 + O ↔ HCCO + H , (R.52) 

ollowed by 

CCO + H ↔ CH 2 ( S ) + CO , (R.53) 

here the produced singlet state of CH 2 quickly quenches to the 

round state. After it has been quenched, the oxidation continues 

ia R.20 and R.21 to CO. 

.5. Contribution of pathways 

In the previous three sections, we have identified four different 

lasma oxidation pathways: 

1. The plasma-induced CH 2 pathway; excited argon atoms disso- 

ciate CH 4 into CH 2 , which quickly oxidizes into CO. 

2. At the lowest temperatures the oxidation progresses via CH 3 OH 

and then into CH 2 O . 

3. For intermediate temperature the oxidation skips CH 3 OH and 

directly forms CH 2 O either from CH 3 or CH 3 O . 

4. For the highest temperature the oxidation initially forms C 2 H 6 
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Fig. 17. Normalized mean reaction rate for reaction the main oxidation pathways 

of methane, initial molar fractions are: X Ar = 0 . 9954 , X O 2 = 30 0 0 ppm and X CH 4 = 

1600 ppm . The solid lines are results obtained with HP-mech, dashed with Aram- 

coMech 2.0 and dash-dot with GRI-Mech 3.0. 
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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: X Ar = 0 . 9954 , 

X O 2 = 30 0 0 ppm and X CH 4 = 160 0 ppm . The deposited energy for these simulations 

in previous figures was: 30 (1260K), 33 (1134K), 35 (1031K) and 38J/m 
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The normalized mean reaction rate of pathway 1 is shown in 

ig. 14 , which is easy to illustrate as it is only activated by R.16 and

.17 . However, the normalized mean reaction rate of pathways 2 

o 4 are more challenging to illustrate, as differences in the reac- 

ion mechanisms imply slight nuances in their activation. To still 

ompare the contribution of the different pathways to the overall 

onversion for different reaction mechanisms, we have compared 

ifferent reactions with a similar chemical effect. To obtain the 

ormalized mean reaction rate of CH 3 OH in AramcoMech 2.0, we 

ave added the rates of reactions R.31, R.30 and R.32 . As explained 

efore, in HP-mech R.30 is not included and in GRI-Mech 3.0 

.30 and R.31 are not included. In the normalized mean reaction 

ate of CH 2 O , we have excluded the CH 3 OH pathway ( R.33 followed 

y R.34 ) as that is considered to be part of the CH 3 OH path. In

ll mechanisms the following reactions: are considered R.35, R.36, 

.39 and R.38 . The additional reaction (R.37) in HP-mech and GRI- 

ech 3.0 is also included in their contribution. Finally, the normal- 

zed mean reaction rate of pathway 4 ( C 2 H 6 ) is activated only by 

.43 . These normalized mean reaction rates of the different path- 

ays are depicted in Fig. 17 . All three mechanisms show a sim- 

lar qualitative trend: the CH 3 OH pathway is only active below 

00K, the CH 2 O pathway is dominant between 600 and 900K and 

he C 2 H 6 pathway is active above 700K. The large difference in 

H 3 OH and CH 2 O pathways is due to the differences explained in 

ection 5.2 . Above 800K, HP-mech and AramcoMech 2.0 show a 

ery similar branching over the pathways. GRI-Mech 3.0 has (rela- 

ive to HP-mech and AramcoMech 2.0) changes in a relatively wide 

emperature range from one pathway to the other. 

.6. The last step: CO to CO 2 

The final step of oxidation is the conversion of CO to CO 2 , which 

s rather slow. For it to occur at a decent rate the presence of OH

s required in the reaction 

O + OH ↔ CO 2 + H . (R.54) 

s the concentration of OH is suppressed by the presence of CH 4 

ue to R.23 , the CO to CO 2 reaction can only occur when most 

ethane is removed. Moreover, above 650K the rate constant of 

.23 is larger than R.54 , which explains the lack of CO 2 below the 

gnition threshold, as it can only be formed when CH 4 is depleted. 

.7. Energy dependence of methane oxidation 

The oxidation of methane is strongly inhibited by the presence 

f methane itself. If methane is present in a significant concentra- 
13 
ion and the temperature is below 900K, OH is quickly removed 

rom the radical pool by CH 4 . The produced CH 3 radical then con- 

erts into either CH 3 OH ( T < 700K ) or CH 2 O (T < 10 0 0K) . Neither

he production of CH 3 OH nor the production of CH 2 O out of CH 3 

eleases sufficient radicals to compensate for the consumption of 

hese radicals by CH 4 itself. This implies that it is challenging to 

gnite this diluted mixture of methane below 10 0 0K. 

The difficulty of igniting this mixture is illustrated in Fig. 18 , 

here the deposited energy dependence of the CH 4 consumption 

s shown. These simulations have been conducted at four reactor 

emperatures. The dashed line is the CH 4 concentration directly 

fter the plasma ( x = L p ), while the solid line is at the exhaust

 x = L ). Only the results of AramcoMech 2.0 are shown, as the

ther two mechanisms lead to the same observations. The modi- 

cation of the coupled energy is obtained by modifying the peak 

oltage from 5 to 50kV of the discharge, as �E/N p ∝ max ( V s ) . 

The concentration of CH 4 after L p reduces nearly linearly with 

ncreasing deposited energy until it is completely consumed. In- 

erestingly, no clear ignition threshold is present if all CH 4 is con- 

umed within the plasma. At low reactor temperatures ( T ≤ 1031K ) 

he CH 4 concentration also decreases linearly with increased de- 

osited energy. When the reactor temperature is 1260K the mix- 

ure can ignite within L if the deposited energy is larger than 

0J/m 

3 . For the reduced reactor temperature of 1134K, the mixture 

s not able to ignite for the default 10kV peak voltage or 33J/m 

3 de-

osited energy, see also Fig. 6 . If the deposited energy is increased 

he difference between the methane consumed within L p and L in- 

reases. This indicates that the mixture exhibits reactivity without 

lasma present. When �E/N p > 40 J/m 

3 a mixture at 1134K can ig- 

ite within L . Just below the ignition threshold, the consumption of 

H 4 shows a non-linear dependence on the deposited energy. We 

an also observe that at 1134K more than four times the energy is 

equired to ignite the mixture within L p , while the residence time 

s L p /L = 9 times shorter. 

When the reactor temperature is reduced even further to 1031 

r 945K, the mixture is not able to ignite within the residence 

ime of the reactor, even though more than five times the energy 

s deposited (the deposited energy in all previous graphs was 35 

nd 38J/m 

3 for 1031 and 945K respectively). For reduced tempera- 

ure, the reactivity of the mixture after the plasma section reduces 

trongly, which indicates that the plasma does not induce sus- 

ained reactivity. Moreover, the lack of an ignition threshold - even 

hough more than 85% of methane is consumed for T = 1031K - 

uggests that plasmas can not significantly modify the minimum 

gnition temperature. This suggests that plasma is excellent at tem- 
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orarily increasing the reactivity and thereby reducing the ignition 

elay, but is unable to induce ignition when the mixture is not hot 

nough by itself. 

. Conclusion 

In this work, we have investigated low-temperature plasma- 

ssisted combustion using three different combustion mechanisms. 

he combined plasma-assisted combustion mechanisms are made 

vailable through the Supplementary Materials. The model and 

hemical mechanisms are validated against experimental data in 

 diluted flow reactor for both H 2 / O 2 /Ar and CH 4 / O 2 /Ar mixtures. 

enerally, a good qualitative agreement is observed for all mecha- 

isms and both fuels. In the hydrogen simulations, excellent agree- 

ent is obtained with the AramcoMech 2.0 mechanism. However, 

ue to the lack of deposited energy measurements in the experi- 

ents, large uncertainty remains in the numerical results. There- 

ore, it is not possible to identify the best-performing mechanism. 

n the methane simulations, no mechanism shows an excellent 

greement. Both AramcoMech 2.0 and HP-mech predict the igni- 

ion threshold correctly. But, again, this property is sensitive to 

he deposited energy. This highlights the need for accurate de- 

osited energy measurements in this type of reactor. Still, the qual- 

tative agreement with experimental data provides confidence in 

ur methodology. A detailed flux analysis is performed to investi- 

ate key chemical pathways in the plasma-assisted oxidation of H 2 

nd CH 4 . In the oxidation of H 2 identified pathways are very sim- 

lar among the three different mechanisms. However, differences 

re present in the oxidation of CH 4 , especially in the early stages 

f oxidation. The largest difference is present in the pathways in- 

olving the formation of CH 3 OH below 700K. Consequently, mea- 

urements of methanol production in a CH 4 / O 2 /Ar plasma below 

00K would be valuable to obtain a deeper understanding of this 

arly stage of low-temperature CH 4 oxidation. 

In the oxidation of H 2 , three different modes are identified, 

ach prevalent in a different temperature range. For increasing 

emperature the ability of a H 2 / O 2 /Ar mixture to self-sustain oxi- 

ation increases. Even at modest temperatures ( T ≈ 800K ), plasma 

rovides the initial radicals after which hydrogen oxidation chem- 

stry takes over and completes the oxidation. Three different ox- 

dation modes are identified for CH 4 as well. However, in CH 4 

he ability of self-sustained oxidation below 10 0 0K is not ob- 

erved. As such, the oxidation of CH 4 , in these diluted condi- 

ions ( X Ar > 0 . 99 ), requires a continuous supply of radicals. We

onclude that this is an inherent limitation of CH 4 , due to the 

hain-terminating nature of the low-temperature oxidation path- 

ays. More specifically, the pathways involved in the conversion 

f CH 4 into CH 3 OH or CH 2 O below 10 0 0K are chain-terminating. 

his implies that plasma can initiate combustion by providing ini- 

ial radicals, but it can not induce ignition below the ignition 

emperature. As this seems to be an inherent limitation of the 

xidation chemistry, not the plasma chemistry, this observation 

s likely to translate to non-diluted conditions and other bath 

ases. The only exception is the chemical heat release, which pro- 

ides a positive feedback mechanism on the oxidation rate via the 

emperature. 

ovelty and Significance 

In this article, an extensive chemical flux analysis is performed 

n the plasma-assisted oxidation of hydrogen and methane. To 

his end, we introduce a thermodynamically consistent plasma 

echanism, which is coupled to three combustion mechanisms. 

he chemical mechanisms are time-integrated with a 0D di- 

lectric barrier discharge model. To validate our methodology 
14 
nd the mechanisms the results are compared to experimen- 

al measurements. The flux analysis reveals similarities among 

he mechanisms for the oxidation of hydrogen, but also differ- 

nces in the case of methane. The main differences are found 

n the pathways involved in the production of methanol, provid- 

ng targets for future experimental measurements. Most impor- 

antly, our analysis reveals that the inherent chain-terminating 

ature of low-temperature methane oxidation cannot be over- 

ome by plasma. Evidence is provided that significant thermal ac- 

ivation is still required in the presence of plasma when using 

ethane. In contrast to methane, when using hydrogen, chain- 

ranching is observed during the low-temperature plasma-assisted 

xidation. 
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