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Abstract

This paper presents an original one-dimensional statistical model designed to com-
plement experimental data from a practical DBD reactor. The experimental setup
consists of a plasma-assisted reactor with gas injection composed solely of CH, and O,.
The numerical procedure uses electrical measurements to provide a realistic descrip-
tion of the power consumption and the current flowing through the gas, in a complex
scenario where approximately one hundred current peaks are measured per electrical
half-period. A plasma kinetic model is then used to analyse the chemistry and character-
istic times of both isolated discharges and a representative train of discharges occurring

within the reactor. These times are used to optimise the computational costs and to



select the most appropriate kinetic schemes for the gas phase, whether in a plasma or
quasi-thermodynamic equilibrium state. This approach also allows the separation of
fast transformations (plasma) occurring at constant volume, from slower transforma-
tions occurring at constant pressure. The statistical approach, based on a Monte Carlo
method, clearly identifies the assumptions required to reduce the real complexity of the
DBD reactor to a 1D flow model. The combination of chromatographic measurements
at the reactor outlet and numerical simulations provides the heterogeneity factor of the
discharges, which is identified as a key parameter in the model. Although the flow can
be considered stationary on average, the obtained value reveals a highly heterogeneous
spatial distribution of the discharges within the reactor. Thus, the numerical results

suggest that the gases passing through the reactor are rarely in a plasma state.

Introduction

The synthesis of high-value-added chemical compounds from methane frequently necessitates
an intermediate syngas production stage.!> Among the established processes mentioned in
the literature,® such as steam reforming,* dry reforming,® and auto-thermal reforming,® the
partial oxidation of methane”? is particularly noteworthy due to its stability, high con-
version efficiency, and low energy consumption. A highly effective approach for methane
partial oxidation is the utilisation of non-thermal plasma (NTP), generated through various
discharges'® including microwave,!! gliding arc, nanosecond repetitive pulse (NRP),!? and
dielectric barrier discharges (DBD). 1314

One key advantage of NTP is its ability to transfer most of its energy to electrons, which
attain temperatures in the range of 10%-10° K (1-10eV), while the heavy species temperature
remains near ambient levels. Among the discharge generation systems, DBD stands out for
its simple design (easy setup and maintenance) and by the use of dielectric materials that
prevent the formation of an electric arc and enable better spatial distribution of the active

species (ions, radicals, electrons, and excited species) within the reactor volume.



15,16 5 deeper comprehension of

Despite recent significant progress in the field of plasma,
the active species generated in the gas phase can only be achieved by combining experimen-
tal and simulation results. The most commonly employed simulation tools for the analysis
of these flows are homogeneous reactors'™2 (0D), which provide an accurate description of
the chemical kinetics occurring within the plasma and offer insights into the most probable
reaction pathways for a given composition and thermodynamic state. The associated numer-
ical results can be employed to reinforce experimental analysis; however, a direct comparison
with practical measurements is seldom feasible.

Advances in computing capabilities have facilitated the development of multidimensional

t,21724 allowing the analysis of

simulation tools that consider species and charges transpor
discharge dynamics and their spatial structure. However, these simulations are limited by
small computational domains and short simulation times, making validation with experi-
ments challenging. For more information on the numerical tools used in plasma simulations,
see the review article by Maitre et al..?’

In contrast, there have been considerably fewer attempts?®27 to develop a one-dimensional
model capable of simulating a practical DBD reactor as a whole system, which is yet crucial
for integrating numerical data with experimental measurements. The development of such a
numerical simulation tool poses several challenges. The large number of chemical reactions
and species involved in the plasma results in prohibitively long computation times, and the
corresponding detailed kinetic schemes are validated for specific conditions, but their use in
practical systems with a wide range of operating conditions can introduce significant bias.
Furthermore, the fastest chemical reactions in the plasma occur on timescales of the order
of nanoseconds or even less, while the residence time in conventional reactors is several sec-
onds. This huge discrepancy in timescales requires a computational time step that is several
tens of orders of magnitude smaller than the total simulation time, to ensure that both the

local chemical evolution and the chemical composition at the reactor outlet are accurately

computed. Finally, the multidimensional topology of the discharges, whether filamentary,



streamer or localized micro-discharges, results in spatial heterogeneities, necessitating so-
phisticated modeling strategies.

In light of the aforementioned challenges, the development of a fully predictive simulation
tool for an entire DBD reactor is unreachable. However, integrating experimental data into
numerical simulations for which the most physically relevant modeling parameters have been
identified represents a technique under development for many different type of flows.? 3% One
challenge associated with this approach is how experimental information can be integrated
into the model to adjust numerical parameters.

Accordingly, this work employs a twofold strategy. Firstly, the experimental current
measurements and overall electric power consumption, which are commonly available exper-
imental data, are processed in order to facilitate their use in a one-dimensional numerical
simulation. Secondly, the reduction to a one-dimensional DBD reactor requires a statistical
approach to model the spatial heterogeneity of the discharges within the volume.

The experimental setup considered for simulations is a DBD reactor where the gas in-
jected consisted solely of CH, and O,. This composition was selected for its potential to
capitalize on recent progress in the field of plasma-assisted combustion,2?:?2313% thereby fa-
cilitating the model validation process. These previous studies focused on methane oxidation
chemistry through a two-way plasma/combustion kinetic coupling applied to homogeneous
reactors as well as multi-dimensional simulations of NRP discharges. The model developed

2035 which employs a coupling of a kinetic solver Cantera® embedding

by the Cerfacs group,
a Boltzmann solver Bolos,!” was selected for this study.

The first section of this paper provides a concise overview of the DBD reactor facil-
ity, the available measurements and the electrical setup. Subsequently, the plasma-kinetic
model is presented, its relevance verified against literature results3! and an isolated discharge
is analyzed. Finally, the statistical modeling strategy specifically developed for this joint ex-

perimental /numerical study of the DBD reactor is presented, with a particular focus on the

reactor’s heterogeneity behavior.



Description of the DBD reactor setup

Geometry, operating conditions and measurements

The reactor consists of a co-axial cylindrical tube constructed from quartz, featuring a central
high-voltage electrode made of stainless steel (refer to Figure 1). Surrounding the outer
diameter of the reactor is a copper sheet, functioning as the external electrode. The reactor’s
wall serves as a dielectric to prevent arc formation. Within the reactor, the plasma reactive
zone is 7cm in length, with a 2mm gap between the two electrodes. The diameter of the
central electrode is 1.2 cm, resulting in a discharge volume of 6.16 cm?.

The experiments were conducted at atmospheric pressure and a temperature of 400 K by
placing the reactor in a temperature-controlled oven. The injected gas mixture, consisting
of CH, and O, with mole fractions of 30 % and 70 %, respectively, was also preheated to
400 K. The temperature at the reactor outlet was not directly measured. However, the low
conversion rate observed at the outlet, combined with the heat exchanges occurring within
the oven, suggests that the rise in gas temperature is likely negligible.

Four distinct experiments were conducted at various overall flow rates of 70, 60, 50, and

! corresponding to residence times ¢, within the reactor of 5.27, 6.17, 7.37, and

40 ml min~
9.22 s, respectively.

The gaseous products were analyzed using a four-way gas chromatograph (micro-GC
Varian Quad CP 4900). The analysis employed Poraplot Q (10m, 0.15mm), CP-Sil 5 CB
(8m, 0.15mm), CP-Wax 52 CB (4m, 0.25mm), and molecular sieve 5 A (10m, 0.32mm)
columns with thermal conductivity detectors (TCD) for the online analyze of various gases

(02, HQ, CO, COQ, CH4, CQH(;, C2H4, CgHg, C3H6, CHgoH, CHgOCH?), and CQH5OH) within

a 3min timeframe.
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Figure 1: Experimental Set-up, Plasma Reactor.

Electrical setup for Lissajous curve acquisition

Plasma generation employed a sinusoidal voltage Vi(t) = Vi cos(27 ft), with a frequency f of
1kHz and an amplitude Vo of 9kV. This voltage and frequency were selected empirically to
achieve a power consumption of 5 W, ensuring the generation of a stable cold plasma while
minimizing gas heating.

A low-frequency generator (GBF) from TTi®), model TG1010A, was coupled to a signal
amplifier from TREK®), model 20/20A, to produce the required voltage V(t).

The reactor charge @(t) is measured by the capacitor connected to the copper counter-
electrode, which has a sufficiently large capacitance (C.=4.5 nF) to collect all the charges

coming from the plasma:3”

Q(t) = CValt) = CVi(D) (1)

where C; and V;(t) are respectively the reactor’s capacity and voltage and V,(¢) the voltage
across the capacitor.

Two high-voltage probes (Lecroy PPE 20kV) were used to measure Vi(¢) and V.(t),
see Figure 1. These measurements were recorded on a Lecroy oscilloscope (Waversurfer

3054, 500 MHz), as shown in Figure 2-left where the reactor’s voltage is obtained as follow:
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Figure 2: Left : The measured voltage across the capacitor (V¢), the voltage across the

reactor (V,), and the corresponding experimental current. Right : Lissajous diagram of the
DBD reactor.

The power is calculated from the integration of the Lissajous curve, see Figure 2-right,

issued from the Manley method:3®

1
P:—/mdtszud@:foc]fmdu
T T T T

where T is the electrical period and I the current. This curve plots the voltage across the

(2)

capacitor V, as a function of the voltage applied to the reactor V;. The reactor capacitance
C;, which takes two distinct values (Cy;, Cy2) depending on the presence or absence of
plasma discharges, was determined from the slopes of the cycle lines in the Lissajous curve,
as illustrated in Figure 2 right. A current probe (Stangene, model 0.1-0.5) was also used to
obtain the precise shape of the current peaks during the plasma phase, see Figure 2 bottom
left.

The current I(¢) and power P represent the electrical measurements that were incor-

porated into the one-dimensional numerical model of the reactor. To simplify both the



measurement process and the numerical processing, only the first half-period of the current

was used and repeated for each half-period.

Plasma chemical kinetic computational model

Solver description

The modeling of this reactor relies on a recently developed solver® that describes the tem-
poral evolution of chemical species in a homogeneous (0D) reactor subjected to plasma
discharges. Since the objective of DBD reactors is to achieve higher selectivity of specific
chemical species, relying solely on non-thermal plasma chemistry is not sufficient. Thus,
the set of chemical reactions involved is divided into two distinct subsets: one associated
with molecules reactions, subset C' (superscript ¢), describing classical chemical kinetic; and
another one associated with electron collision reactions, subset B (superscript b), describing
the plasma. The solver is based on the Cantera solver®® in which the EEDF solver bolos'”
has been implemented?’3® as done in previous plasma-assisted combustion studies.
For the zero dimensional simulations, the set of equations for the gas flow reduces to :
opYy . op€

5r — Wk W:WT‘I’Q (3)

With p is the density, Y, the mass fraction, £ the energy, @ the heat source term. The mass
reaction rate of species k (wy) and the heat release rate wr are separated into two distinct

contributions, related to each reactions subset:

by =df +dh =Y df+ Y af (4)
j=C j=B
M ) ) N ,
(,Z}k = Z ijWij with Qj = Kj H[Xk]ylw (5)
J=1 k=1
b ==Y Qi(Au; —e)) = Y Q;Au, (6)
jEP jeC



Where vy; is the net stoechiometric coefficient (vy; = V,;/j - V];j), V];j the stoechiometric
coefficient for reactants, V]Zj the stoechiometric coefficient for products, W) the molar mass
of species k, Qj the molar production rate of reaction j, X the molar fraction, e{h the energy
lost during process j, Au; the reaction energy change per mole and Kj is the reaction rate.
The definition of K; will depend on the nature of the reaction (B or C).

The discharges are characterized by an intense electric field that imparts a notably higher
energy to electrons compared to other heavier species. Thus, a two-temperature fluid model
is considered, treating the energy of molecules and electrons separately. The energy of
electron population within a fluid element initially conforms to a Maxwellian distribution.
However, frequent collisions with neutrals can cause changes in the distribution and generate
ions, radicals, and excited species. Consequently, the Electron Energy Distribution Function
(EEDF) is determined by solving the Boltzmann equation!” which accounts for the effects

of the electric field and collisions from a set of collisional cross-sections3? :

% (WFO - Da_) =S (7)

Where F is the EEDF, € the elctron energy, W the convection part representing the
cooling by elastic collisions with less energetic particles (neutrals or electrons), D the diffusive
part representing heating by the field and by elastic collisions with more energetic particles
and S the source term depending on collisions. Theses parameters strongly depend on the
electric field, the electron density (n.) and the set of cross-sections.

The EEDF Fy, obtained by solving Eq.(7), is then used to compute the reactions rate
K; and the effective electron temperature T; by integrating over electron energy e.

Eventually, for the set of reactions B and C' the reaction rates are given by:

Kf = 'y/ eo; Fode (8)
0
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The electron temperature is obtained from the EEDF by:

2

T. = 5/ 32 Fyde (10)
0

Where v = \/m is a constant, € = (v/7)? the electron energy, o; the cross-section, B;
the pre-exponential constant, T, the gas temperature, 8; and b’; the temperature exponents
and E,; and E;j the activation energies.

This solver, referred to as the ‘Cantera-Boltzmann’ solver, and its associated chemical
mechanism require validation before use. After validation, the Cantera-Boltzmann solver is

used to analyze the chemical and temporal characteristics of the discharges produced in the

DBD.

Validation of the chemical kinetic mechanism

The plasma chemistry mechanism was established by using a set of cross-sections data for
electron-neutral collisions taken from different data-sets of the LXCat database,“’ the Phelps
and Hayashi databases!*? have been used for O, and CH, respectively. The detailed plasma
mechanism %35 developed for methane-air plasma assisted combustion has been considered.
It contains 71 species and 680 reactions. The plasma mechanism has been then combined
with the GRI 3.0 oxidation mechanism3 yielding to a combined plasma-combustion mech-
anism of 100 species and 964 reactions. This combined mechanism have been validated for
a wide range of temperature [300-1500 K] and pressure [0.1-1bar| by Cheng et al.?’. Given
that the chemical scheme employed in this study is applied under conditions significantly
different from those of plasma-assisted combustion, our initial step was to assess its relevance
in the context of a DBD reactor.

This verification was conducted by comparing the results obtained with this solver to
numerical data on methane oxidation in a DBD single-pulse reactor, as presented in the

literature.®! The simulation was conducted using a constant volume homogeneous reactor

10
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Figure 3: Time evolution of excited species and radicals generated by a single pulse in
CH,4/0O,/Ar mixture, predicted by the model (solid lines) and by Z.Ecket et al.3! (dashed
lines).
evolving in time. The initial conditions consists of a mixture of methane and oxygen diluted
in argon with mole fractions of CH,: 0.0016, O5: 0.003, and Ar: 0.995, at a temperature
of 750K and a pressure of 101325Pa. The electric field and current profiles used in the
simulation were taken from the previous study.?' Figure 3 illustrates the predicted mole
fractions of excited species and radicals generated by a single nanosecond discharge pulse in
methane.

The minor discrepancies observed between the results of Eckert et al.?' and our results
can be attributed to slight variations in the reaction scheme, as for example metastable argon
self-quenching reaction, see Equation (11), which are absent from the kinetic scheme used

here. 34

Ar*+Ar — Ar+ Ar
(11)
A" +Ar+Ar — Ar+ Ar+ Ar

These reactions by consuming slightly more Ar*, limit the production of H and O by colli-

11



sional quenching of metastable argon, see Equation (12):

Ar*+0, - Ar+0+0

Ar*+CH, — Ar+CH,+H+H 12)
Ar*+CH; — Ar+CH+H,+H

Ar*+Hy, — Ar+H-+H

However, considering the striking similarity in the overall behavior of these two chemical

31,34

mechanisms, we confidently adopted the one developed by the Cerfacs group for the

numerical simulations considered in this study.

Characteristic times of a plasma discharge

In the field of combustion, the thickness of a flamelet as well as self-ignition delay time —

4445 must be precisely

the concepts behind the vast majority of turbulent flame models
defined in order to construct a relevant statistical model of such reactive flows. Similarly,
to model DBD using a statistical approach, defining the duration of a plasma discharge
is essential. Furthermore, as in the case of flamelets or homogeneous gas self-ignition, the
0D plasma discharge serves as a fundamental element in this study, maintaining a quasi-
stable temporal structure throughout the flow. This subsection therefore aims to describe
the different characteristic times involved in a single discharge.

Naturally, various physical parameters, such as composition, temperature and the applied
electric field, influence the shape of the discharge time structure. Some of the parameters
in question have been determined through experimental means, such as the initial compo-
sition of the gas and the temperature. However, other quantities, such as the electric field
experienced by the gas, cannot be directly measured and are difficult to determine from
experiments. Consequently, in order to define the characteristic times of a discharge and

evaluate their value, it is first necessary to conduct a parametric study using constant vol-

ume homogeneous reactors where the reduced electric field E/N applied is varied. Here, E

12



is the electric field and NNV is the number of particles per unit volume, N = 1.84 x 10%° m~3.

Similarly, the precise duration of each current peak, as illustrated in Figure 2 bottom
left, is challenging to ascertain through experimental means. However, we assume that the
maximum current of each peak p can be obtained from the current measurements. This
value can then be used in numerical simulations by imposing the maximum electron density

(EDN), denoted as nc|pmax, i accordance with the generalized formulation of Ohm’s law:

j|p max
e|p,max — R 13
e = L (13

where 7|p max is the maximum value of EDN of each peak p, . is the electron mobility, ¢. is
the charge of the electron and j|, max is the peak current density. This current density can be
approximated by the measured peak current intensity, j|p max = I|pmax/Se, where S, = v/d is
a characteristic surface evaluated from the volume of the reactor (v) and the inter-electrode
distance (d). For this parametric study, the maximum EDN is maintained at a constant
value throughout the parametric analysis (ne|pmax = 3.5 X 10" m~3), that corresponds to a
representative current peak observed in the experiment, calculated using Equation 13.

Within the DBD reactor, when the electric field applied to the gas exceeds a specific
threshold (the breakdown voltage), the Townsend avalanche is initiated, resulting in a sudden
increase in the EDN until current passes through the gas, and the electric field declines.

In order to represent this mechanism, each discharge in the parametric study is simulated
in a 0D homogeneous reactor using the Cantera-Boltzmann solver and the combined plasma-
combustion mechanism previously described. The simulation proceeds as follows: a constant
reduced electric field (122 Td in the example shown in the graph on the left of Figure 4) is
applied to the gas until the EDN reaches the critical value nelpmax (3.5 x 10 m™2). At
this point, referred to as the breakdown time 7, the electric field is set to zero. Once the
voltage dropped, the electrons recombined to ions, and the production rates of excited species

ceased, as illustrated in Figure 4-left. Consequently, two additional characteristic times were

13
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Figure 4: Definition of breakdown 7,, current 7. and discharge 7; times characterising the
plasma discharge. Right : values of these three characteristic times as function of the reduced
electric field. Left: Definition of the breakdown time (7,), current time (7.), and discharge
time (74), characterizing the plasma discharge based on the time evolution of the reduced
electric field, the EDN, and the reaction rates (as defined in Eq. 4) of the excited species
Oy(by) and Oy(Aj3).

introduced: the current flow time, denoted by 7., and the plasma discharge delay, designated
by 74. The first is defined as the time interval when the number of electrons exceeds a value of
ne|. which is taken as 3 % of 1¢|p max. The second is the total duration of the plasma discharge,
encompassing the period of electric field application along with subsequent electronic and
molecular recombinations and de-excitations. The criterion considered for the discharge end
is when the chemical reaction rate of all plasma species (ions and exited species) falls below

5% of its maximum value. The numerical parameters employed to define the characteristic

times of a single plasma discharge are summarized in Table 1.

Table 1: Numerical parameters used to define the characteristic times of a single plasma
discharge

Parameter Value Description
ne|p,max 3.5 x 10 m™3 Representative EDN peak
el e 3% Nelpmax | Discharge triggering condition on EDN
Wy, | DR (man) 5% End of plasma phase (at 7)

The right graph of Figure 4 shows the three characteristic times resulting from the para-

metric study as a function of the applied reduced electric field. It can be observed that these

14



characteristic times, which are highly dependent on the reduced electric field, exhibit a range
of values, spanning from 10ns to 1ps. Consequently, they exhibit a period that is much less
than that of the sinusoidal signal applied to the electrodes. Additionally, simulations are
not feasible for values of the reduced electric field that are insufficient. This threshold value,
estimated to be approximately 1157T4d, is of a comparable magnitude to the breakdown volt-
age (=124 Td, see next subsection), although slightly inferior. In order to corroborate this
outcome with greater precision and to complete this investigation of characteristic times, a

more detailed chemical analysis of the discharge has been conducted.

Chemical analysis of a single discharge

The Phelps and Hayashi databases*'*? have been used in conjunction with BOLSIG+ to
estimate the breakdown voltage and the energy fraction used by each type of chemical
process. The elastic and inelastic processes are described in detail for CH, and O, in Tables

2) and 3), respectively.
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Figure 5: Reduced Townsend coefficients (left) and discharge energy branching (right) as
a function of the reduced electric field. Results obtained with the Phelps and Hayashi
databases**? and BOLSIG+.

Figure 5-left depicts the reduced Townsend coefficients as a function of the reduced elec-

15



tric field with o and 7 representing the ionization coefficient and the attachment coefficient,
respectively. First, the ionization coefficient sharply increases with E/N, whereas in con-
trast, the attachment coefficient shows a slighter increase at lower E/N values |0-50 Td],
and decreases slightly at E/N > 50Td. Breakdown occurs when ionization becomes the
dominant process over attachment, which corresponds approximately to 124 Td, see Figure
5-left. This result, obtained with BOLSIG+ (which accounts only for plasma reactions), is
slightly higher than the 115 Td obtained with the Cantera-Boltzmann solver (see Figure 4),
which also includes neutral and ionic reactions.

Additionally, the resulting discharge energy branching is displayed as a function of the
reduced electric field in Figure 5-right. For a reduced electric field strength of approximately
124Td, the figure shows that the majority of the electron energy is expended on the disso-
ciation of O, to O molecules (70 %), which corresponds to reactions R3, R13, R14 and R15
in table 3. In contrast, a smaller proportion is allocated to the dissociation of CH, to CHj
and H (11 %) corresponding to reaction R4 in table 2, and another 11 % on the vibrational

excitation of Oy, (R4-12 in table 3).

Table 2: List of processes in the Hayashi database*? for e -CH, processes and the associated
reactions considered in this work. Ae is the energy threshold of a process

# Process Reaction Ae [eV]
R1 CH,; — CHy e +CHy — CHy 0.0
R2 | CHy — CHy-(g-159€V) e + CHy — e + CHy(vyy) 0.162
R3 | CH, — CH, (5-5:6V) ¢ 1 CH, — ¢ & Cl,(vis) 0.361
R4 | CH, — CH, (;4V) | ¢ 1 CH, — ¢  CHy - H+AE| 7.9
R5 CH, — CH," e +CH, — 2¢ +CH, +AFE 12.9

16



Table 3: List of processes in the Phelps database®! for e -O, processes and the associated
reactions considered in this work.

# Process Reaction Ae [eV]
R1 | O, — Oy(tot) ¢ 10y, —¢ Oyt AE 0.02
R2 0, (ATT) e 1O, M —0, - M 0.0
R3 O, — O +0 e +0,— 0 +0 0.0
R4 Oy — Oy(vy) e + Oy — e + Oy(vy) 0.19
R5 | Oy — Ogy(vyres) e + Oy — e + Oy(vy) 0.19
R6 | Oy — Oy(vy) e 1 Oy — ¢ 1 Oy(vy) 0.38
R7 | Oy — Oy(vyres) e + 0y — e + Oy(vy) 0.38
R8 Oy —= Oy(v3) e + Oy — e + Oy(vy) 0.57
R9 Oy — Os(vy) e + Oy — e + Oy(vy) 0.75
R10 Oy — Oy(ay) e + 0y — e + Oy(ay) 0.977
R11 Oy, — Oy(by) e + 0y — ¢ + Oy(by) 1.627
RI12 | Oy — Oy(4-5eV) e + Oy — e + Oy(Aj) 4.5
R13 | Oy — Oy(g-0eV) e + 0y — e +20+AF 6.0
R14 | Oy — Oy(s-4¢V) | e + 0y, — ¢ + O + O('D)+AE | 84
R15 | Oy — Os(g-976V) | € + 0y — ¢ + O+ O('S)+ AE | 9.97
R16 Oy — Oy e +0y — ¢ + 0y 12.06
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Figure 6: Molar production rate at four times t; :

(tl = Tb), t2 .
phase (t3 = 74),

a few nanoseconds after the pulse (t; = 7,+5ns), ¢
ty : further away from the discharge (t4 = 74 + 31s).

Qj[mol.m=3.s7"]

the maximum intensity of the discharge
at the end of the plasma

To further analyze the chemical processes, the rates of progress (Q;) of the 15 most

important reactions obtained with Cantera-Boltzmann at four different times during and

after the discharge are shown in Figure 6. The four times analysed, t1, o, t3, t4, correspond
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respectively to (i) the maximum intensity of the discharge (¢; = 7,), (ii) a few nanoseconds
after the pulse (to = 7,+5ns), (iii) at the end of the plasma phase as defined in the previous
section (t3 = 74) and (iv) further away from the discharge (t4 = 74 + 3ps). Within the
current pulse, at t1, as expected, the dissociation reactions of Oy and CH, and the excitation
of O, are the most significant (see figure 6 top left), as obtained with BOLSIG+. Immediately
after the pulse, at t5, the dominant processes are the quenching of excited states of atomic
oxygen, facilitating CH, dissociation and O, excitation. Chemical reactions of neutral species
become more important, while electron impact reactions hardly occur. At the end of the
plasma phase t3, as expected, neutral reactions become more important, in particular the
dissociation of CH4 by the OH radical and the formation of O3, but there is still a important
reaction of de-excitation of O,. Finally, further away from the discharge, at t4, common

gaseous chemical reactions with neutral species become dominant, especially those involving

radicals (O, OH, CHg, ...).

Statistical modeling of the DBD reactor

Averaged equations and basic assumptions

The currently available experimental data does not permit a detailed understanding of the
behaviour of the discharges within the reactor. To simulate this device using a statistical
approach, it is thus necessary to introduce modelling parameters. The aim of this section is
therefore to properly set out the theoretical analysis, based on the characteristic times and
lengths of the physical mechanisms, which will enable these parameters to be introduced.
Given that the practical goal of research on these reactors is to enhance the selectivity of

the target product, our primary focus lies on analyzing the total and partial mass balance
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equations:

dp  Opu;
Zr — 14
oYy  OpuiVp  OFip .

where u; the velocity vector (i € [1,3]), and F;;, the diffusion flux of species k (molecular and
drift). The convection and molecular diffusion terms in equations (14-15) are small compared
to the unsteady term because the characteristic times of the plasma discharges are negligible
compared to the residence time of a fluid particle in the reactor. However, they cannot be
neglected a priori as they are essential to characterise the amount of target species leaving
the reactor. Considering the absence of evidence suggesting spatial homogeneity during
discharges, all three dimensions are crucial. However, given the shape of the reactor, it makes
more sense here to use cylindrical coordinates x (longitudinal), r (radial), § (angular).

Given the constant flow rate, the stability of chemical measurements at the reactor outlet,
and the consistent light emission observed, the reactor’s behavior can be considered statis-
tically stationary. Consequently, the thermodynamic quantities of interest are the ensemble
averages, akin to a RANS (Reynolds Averaged Navier-Stokes) approach for turbulent flow.
So the averaging process encompasses both spatial and temporal dimensions. From a spatial
perspective, we assume statistical homogeneity in both the angular # and radial r directions.

The first assumption implies that discharges are either uniform over the surface of the
electrodes or heterogeneous but randomly distributed in a manner where a large number of
discharges cover the entire electrode surface, thus achieving statistical homogeneity.

The second assumption, namely statistical homogeneity in the radial direction, implies
that the chemical effect of the plasma discharge, which propagates radially from one electrode
to the other, remains similar regardless of the radial position r. To evaluate the validity of
this hypothesis, 2D simulations were conducted to determine the distribution of the electric

field across a reactor slice, i.e., in the radial (r) direction, in a non-reactive case. The
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SOMAFOAM? code was used to compute the electric field (E = —V¢) between the two
electrodes by solving Poisson’s equation for the electric potential:

Ap=-2 (16)

€

where p is the charge density and ¢ the electric permittivity. This numerical tool accounts
for different media, each with its own permittivity value (The relative permittivity for gas
and dielectric are respectively 1.006 and 4.3), using a multi-zone approach in which the zones
are connected through appropriate boundary conditions. This feature enables an accurate
representation of the influence of the dielectric material and the asymmetric configuration
on the electric field distribution in the gas. The typical electric field obtained is presented in
Figure 7-left, while Figure7-right shows the reduced radial electric field profiles for different
electrode voltages.

Ground electrode Dle/!’gctrlc barrier
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Figure 7: Reduced electric field within a section of the reactor (left) obtained from non-
reactive 2D simulation with Vg = 9kV and corresponding profile along diameter with three
different values of Vo (right).

As evidenced by these results, the assumption of statistical homogeneity in the radial
direction is clearly inconsistent with reality, as each discharge propagates from one electrode
to the other within a variable electric field.

Furthermore, this assumption also leads to neglect interactions between the discharge

and the reactor walls, as well as the potential presence of a boundary layer in the composi-
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tion resulting from catalytic reactions. Despite these limitations, this assumption has been
retained for the sake of simplicity, but it is evident that further research is required in order
to propose a more accurate model.

Eventually, only the longitudinal direction x is considered from an average standpoint,

thus the balance equations become, on average:

= =0 (17)
d7 Y, dF, dpu"Y!
dx - de dx - (18)

Given the potential density variations resulting from changes in chemical composition, the
Favre averaged operator ~ have been introduced. Although the flow is not turbulent, fluctu-
ations in velocity u” and composition Y} induced by the plasma (ionic winds) are likely to
be non-negligible. As a result, the first and second terms of the right hand side of Eq.(18),
representing the unresolved fluxes due to diffusion and turbulence-induced-plasma, respec-
tively, require specific models. However, in this study, our focus is on modelling the average
chemical source term, wy,. Consequently, for the sake of simplicity, the unresolved fluxes are
neglected, thereby reducing the complexity of the problem to a classical plug flow reactor
simulation. This can be solved either in the longitudinal direction, x, or in the residence

time space, t, (dx = udt,):

v, 4y, =
_ W _ 0 1
dr a0 an (19)

—~

where the Favre averaged chemical rate is Qy = Wi /P

Finally, the main hypotheses are summarized in Table 4.

22



Table 4: Summary of Hypotheses Adopted

Hypothesis Justification
statistically stationary constant measurements
angular # spatial homogeneity | uniform spatial distribution of discharges
radial r spatial homogeneity simplicity
negligible unresolved fluxes simplicity

Numerical implementation of measured electric signals

The simulation of the reactor, in conjunction with that of its electrical circuit, is a topic that
extends beyond the scope of this study, which focuses on the one-dimensional modelling
of the reactor based on a statistical approach. Consequently, it is not possible to directly
exploit the voltage signals measured, see Figure 1. Instead, the following section outlines
the methodology employed to derive the voltage experienced by the gas and the current in
simulations from the measured intensity signal.

Experimental measurements yield the sinusoidal voltage applied to the electrodes, de-
noted here V,(t), and the corresponding current I(t) flowing through the gas.?” A single
period of this voltage (red line) is presented in Figure 8. The current (orange line) displays
a multitude of peaks that are characteristic of plasma discharges in DBD reactors. Nev-
ertheless, the electric field experienced by the gas remains unknown due to the presence
of dielectric material between the gas and electrodes, the current flowing during plasma
discharges which modifies the electric field, and the accumulation of charges on walls.

For reasons of evident simplicity, we postulated that at each measured current peak (78 for
a half-period in this case) there is a corresponding drop to zero of the voltage experienced by
the gas within the discharge. Once the electrical effects of the discharge have dissipated, the
voltage exhibits a rapid increase until the commencement of the subsequent discharge cycle.
During this phase of rising voltage, its value reaches a level comparable to the breakdown
voltage.

Consequently, the voltage experienced by the gas is limited by the breakdown voltage.

The voltage signal is therefore in the form of a square wave, as illustrated in Figure 4-left,
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Figure 8: Left: measured applied voltage V; (red), measured current peaks (orange), and
breakdown voltage limit (dashed black). Right: current peaks (orange) and reduced electric
fields experienced by the gas (E/N), for the first five peaks of the half-period.

which depicts a single discharge. The Figure 8-right illustrates the reduced electric field
(E/N)g applied to the gas that was employed in numerical simulations of several plasma
discharges The duration of each peak is not determined by the measured signal but by the
numerical simulation itself, in order to obtain the same value of the maximum current as
that measured for each peak (orange dots in Figure 8-right), as given by Equation 13.

The simulation enables the determination of the growth of the EDN, n., in response
to the applied electric field of each peak. Once n, reaches its local maximum 7|y max, the
electric field is set to zero, and it increases again just before the occurrence of the next
peak. This process is repeated for each subsequent peak. Consequently, only the number of
peaks, their instant of appearance and their respective maximum value are derived from the

measured signal and utilised in the simulations.

Simulation of the discharge train over one half period

Having defined the characteristic times of a discharge and the maximum current of each
discharge, it is now possible to simulate a homogeneous reactor which would be subjected to
the same electric current as that measured by applying to the gas a maximum reduced electric

field value slightly higher than the breakdown value. Following the procedure described
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previously for determining the duration of each discharge, the maximum reduced electric
field value retained, E/N|zmax ~ 122Td, was determined iteratively in order to obtain a
total power consumption of 5 W, as measured experimentally. It can be observed that this
value is in very close proximity to the breakdown value determined with BOLSIG+, thereby
providing evidence that the methodology employed to integrate the experimental current
signal into the simulations is relevant and effective.

Figure 9 presents a comparison of the temporal evolution of the current obtained in
simulation with those obtained in experiments.

Since the maximum value of each measured current peak is a target for the simulation (see
Equation 13), any discrepancies between the simulation and experiments are attributable
solely to numerical errors. As shown in Figure 10, a parametric study on the time step
demonstrates that, for a time step of 107%s, the current peak is reproduced with sufficient
accuracy. Accordingly, the results in Figure 9 were obtained using this sufficiently small
time step to ensure the target was achieved with the desired precision. The simulation thus

exhibits excellent quantitative agreement with the experimental data.

Experimental applied current —— Numerical current
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Figure 9: Current signal from measurements (left) and obtained from numerical simulations
(right) for the first half period.

Figure 11 illustrates the instantaneous specific power (p = n.qepe E*) obtained over half
a period (left) and a zoom for two different discharges (right). As anticipated, the power

maximums associated with each discharge have significant magnitude and are correlated to
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Figure 10: Numerical current (I,,m,) for different time steps (At) compared with the ex-
perimental target current (I.,,). Current of discharge 6 (left) and current of discharge 15
(right).

the current, see Figure 11 right. We can also observe that the shape of the curves remains

the same, regardless of the amplitude, which is a consequence of the shape chosen for the

applied voltage.
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Figure 11: Specific power (kW /m?) obtained from numerical simulations for the first half
period (left )and zoom for discharges 6 and 15 (right).

Figure 12 illustrates the temporal evolution of the mole fractions of the principal chem-
ical species (CHy, Oy, CO, CO,) during the initial half-period. The concentrations of the
reactants, CH, and O,, show a sudden drop with each discharge, due to electron collisions,

and continue to decrease gradually between discharges. In contrast, the concentrations of
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the two main products, CO and CO,, do not show sudden variations with each discharge,

but only increase gradually between discharges. Over the brief interval corresponding to
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Figure 12: Molar progress variable (X - Xi|o) of Oy and CHy, molar fraction of CO and
CO, for the first-half period with all applied current peaks. Xps|o = 0.7 and Xcopalo = 0.3.

this half-period (less than one 1ms), the quantities consumed (respectively produced) are
markedly low. While slight variations in the behavior of plasma discharges may occur over
time, the reactor’s low conversion suggests that this behavior remains relatively consistent
throughout. It is therefore the accumulation of these very small quantities over the periods
that the model must be able to reproduce, which makes simulations of the entire reactor
and comparison with experimental data particularly challenging. FEven the slightest error
can accumulate and result in significant drift over time. The procedure that consists of cal-
ibrating the model parameters on the experimental results is therefore essential. Although
the model cannot be considered predictable, it is nonetheless a powerful tool for analysing

the reactor’s behavior and complementing experimental data.
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Modeling of spatial heterogeneities

Monte Carlo methodology and assumptions

If the discharges were homogeneous in volume, then the homogeneous reactor approach that
led to the results of the previous section, see Figure 9, obtained by simulating half a period,
could be applied to the entire residence time of the reactor.

Furthermore, given that plasma discharges are highly unlikely to be homogeneous, this
approach is no longer valid. In order to account for the aforementioned heterogeneities,
a Monte Carlo method was employed. This approach involves seeding a sufficient number
of particles to describe all the discharges, with each particle only experiencing a part of
these discharges. Thus the mean state can be regarded as the average of an ensemble of M
homogeneous reactor states.

The Figure 13 depicts the sum of the current signals emanating from the seeded particles
(six in this instance). The summed signal is identical to the measured signal, see Figure 9-
left. However, in order to limit the number of particle required for the Monte-Carlo method,
the distribution of the current peaks across the particles is not random. In this illustrative
example, comprising six particles, the first particle experiences the first peak, the second
particle the second peak, and so on until the seventh peak, which is assigned to the first
particle. This assignment sequence is repeated until all the peaks have been assigned to
one and only one particle. This strategy allows for a reduction in the number of particles
required while maintaining the total power consumed. Consequently, in this instance, each
particle underwent 13 peaks (N, = 13), see Figure 13, in order to obtain the total number
of discharges occurring over half a period, which was found to be N;,; = 78.

Figure 14(a) illustrates the time evolution of the molar fraction of O, over one period.
The results indicate that the majority of particles exhibit a similar trend in Xo, values, with
the curves almost overlapping. However, there is one exception, namely particle 3, for which

significantly less oxygen is consumed. This behavior is attributed to the lower values of the

28



0.61 — Particle 1 06 — Particle 1
- Particle 2 04
0.5 —— Particle 3 0.2 ‘ ‘ |
—— Particle 4 NIRE nn
0.41 —— Particle 5 e
—— Particle 6 ! —— Particle 3
20.34 2%
— =02 ‘
021 S T
0.6 :
—— Particle 6
LAl \ l‘ |
‘ | 0.2
0.0 LI I| |II||I||‘I| L | |J JJJ oy
0.00 0.05 0.0 0.15 020 025 0.30 000 005 010 015 020 025 030

Residence time [ms]

Residence time [ms]

Figure 13: Overall current corresponding to a Monte-Carlo simulation using 6 particles (Left)
and example of current correspond to three different particles (right).

maximum current peaks, see Figure 13 (right). The power consumed by this particle over
one period is p &~ 0.07 W cm 3, whereas the others exhibit a significantly higher consumption
rate of p ~ 0.14 W cm 3.

Figure 14(b) shows the same graph as figure 14(a), but where the simulation is contin-
ued over six periods (12 half-periods), always applying the same set of discharges to each
particle. The small deviations observed in one period accumulate in each period and lead to
a significant divergence in the composition of each particle. For particle 3, the trajectory is
even completely different from that of the other particles.

Since there is no reason why a particle should always experience the same set of discharges,
a rotation of the sets of discharges is applied to each half-period. Thus the set of discharges
experienced by particle 2 in the first half-period will be experienced by particle 1 in the
second half-period, and so on. Figure 14(c) shows the evolution of the O, mole fraction of
each particle, accounting for this rotation, over the six periods. In this example (13 peaks per
particle) a complete rotation occurs after 3 periods (6 half-periods), so the 6 curves intersect

exactly after 3ms. This means that each particle will have experienced all 78 peaks after 3
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Figure 14: Evolution of the O2 molar progress variable (X - Xi|o) with Xpa|o = 0.7, for a
case with 6 particles (each with 13 peaks, M = 6) over one period (a) and over 6 periods:
without rotation of peaks (b), with rotation (c¢) and comparison of different M values with
rotation (d).
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periods.

All particles will therefore behave similarly, and if the number of periods is sufficient, the
composition of a single particle will be sufficient to describe the evolution of the composition
in the reactor. The essential modelling parameter is therefore the fraction of the set of
measured discharges that is actually experienced by a particle. This parameter is thus
proportional to the spatial heterogeneity of the discharges occurring within the reactor.
Consequently, it is possible to introduce a discharge heterogeneity factor, which is an essential
parameter for modelling DBD reactors:

N, 1
Ntot B M

B=1 (20)

Where N, is the number of discharges experienced by each particle, N, the total number of
discharges experienced by the reactor and M the number of particles seeded in simulations.
The total number of discharges N, is assumed to be sufficiently large to preserve statistical
homogeneity. Therefore, the knowledge of this heterogeneity factor allows the determination
of the minimal number of particle required for Monte-Carlo simulations. In the case of
spatial homogeneity, where 5 =0, M =1, N, = Ny, only one particle that has experienced
all discharges is required. Conversely, in the case of maximum heterogeneity, each particle
experiences one discharge per period: 8 = (Nt — 1)/Niot, M = Niot, N, =1 (or even less if
the particle has not experienced a discharge for each period). As this factor is not directly
measurable, it will be determined iteratively in order to ensure that the simulation provides
an accurate representation of the chemical composition at the reactor outlet, in accordance
with the experimental results. Figure 14(d) shows results for four simulations with different
values of the heterogeneity factor: 5 € {0.83,0.89,0.92,0.96} which corresponds respectively
to a number of seeded particles of M € 6,9,13,26. For each case, the residence time of the
simulation is 12 ms which corresponds to ten periods.

The results presented in Figure 14(d) indicate that when each discharge occupies a signif-
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icant portion of the reactor volume—i.e., when the reactor approaches a spatially homoge-
neous state (low values of the heterogeneity factor 3)—the number of discharges experienced
by each injected particle is high and tends to align closely with the measured peak count,
thereby leading to a high chemical conversion. Conversely, when the discharges are dis-
tributed in a highly heterogeneous manner within the reactor, the probability of an injected

particle being traversed by a discharge is low, resulting in a low level of chemical conversion.

Reactor type transitions: from plasma to standard chemistry

As mentioned earlier, one of the challenges in simulating this reactor is the need to use a very
small time step, which must be less than 107 s in order to accurately account for the plasma
chemistry, while the total residence time in the reactor is about ten seconds, corresponding
to ten thousand periods and more than ten billion time steps. Consequently, it is necessary
to implement various techniques for reducing the computational time.

As illustrated in Figure 4, the characteristic time of a discharge is less than a microsecond.
Consequently, for one hundred discharges (approximately a half-period), it corresponds to
less than one hundred microseconds. Thus, there remains more than 400 ps per half-period
(80 % of the time) during which the thermodynamic state is in quasi-equilibrium, i.e. out
of the plasma phase, and does not require such small time steps. This ratio is further
accentuated when heterogeneity in discharges is considered (see preceding section), with each
particle undergoing only a subset of the total number of discharges. In order to optimise
the calculation time, an adaptive time step was therefore employed. During the course of a
discharge, the time step is on the order of 107%s, while out of the plasma phase, the time
step is on the order of 107%s. This variation is considerable and is carried out numerically
in a progressive manner.

In cases where the reactor behaviour is highly heterogeneous and where particles un-
dergo only a few discharges per period, the majority of the gas states are out of the plasma

phase. It is therefore worth considering whether the use of a chemical solver and dedicated
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kinetic scheme designed for plasma is justified. Indeed, kinetic schemes are suitable for use
in the specific conditions for which they were developed and it is known that they can lead
to significant biases when used in different conditions. Consequently, in light of the char-
acteristic timescales of the discharges described above, we have also opted to implement a
procedure that enables the type of reactor, the solver and kinetic scheme to be switched
throughout the calculation. Consequently, the reactor using the Cantera-Boltzmann solver
is employed exclusively during the discharge phase and is refered as R1, while the second
reactor, which utilizes a standard Cantera solver (a homogeneous reactor coupled with the
standard GRI30 scheme??®), is applied out of the plasma phase and is referred to as R2.
Furthermore, this sequence of reactors enables the separation of the constant-volume trans-
formations, whose characteristic times are very short, typically for plasma discharges, from
the constant-pressure transformations, which correspond to the operation of the DBD reac-
tor. Accordingly, R1 is a constant volume reactor while R2 is a constant pressure reactor.
This reactor change also accounts for heat losses, as it is assumed that the reactor operates
closer to isothermal conditions than adiabatic ones. Accordingly, the temperature is reset to
exactly 400 K at each switch from R1 to R2.

However, precautions must be taken when using this technique. Since some species are
present in one chemical scheme and absent in the other, perfect continuity of reaction rates is
not guaranteed. To check the effect of this reactor switch, a chemical analysis was performed
at two different times: t3 = 7,4 (less than 1 ps), corresponding to the end of the plasma phase
as defined in Figure 4, and t5 = 0.25ms, corresponding to an infinitely long time compared
to t3. Two simulations were carried out: one using only the Cantera-Boltzmann solver with
the GRI30/plasma mechanism until ¢ = ¢5 (R1) and another one using the coupled Cantera-
Boltzmann solver during the plasma phase only (until ¢ = ¢3) and the standard Cantera
solver (with standard GRI30 mechanism) outside the plasma phase, from 5 to t5 (R1 + R2).

Figure 15 illustrates the results of the chemical analysis conducted in the two simulations.

In the R14+R2 simulation, the two times under consideration, t3 and t5, are located in the
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Figure 15: Molar production rate at two different times, t5 : at the end of the plasma phase
(t3 = 74) and t5 : long time after the discharge (t5 =0.25ms) and for single reactor case (R1)
and switching reactor case (R1 + R2).
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Figure 16: Molar progress variable (X} - Xy|o) of O, (a) and CHy (b), molar fraction of CO
(c) and CO;4 (d), temperature (e) and pressure (f) for single reactor case (R1) and switching
reactor case (R1 + R2) for a residence time of 6 ms. Xpa|o = 0.7 and Xcpalo = 0.3.
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R2 reactor. The time, t3, corresponds to the first time-iteration following the switch from R1
to R2. The objective is to assess the influence of the reactor change on the chemical reaction
rates. The precise values of the reaction rates of the most important chemical reactions
common to the chemical schemes of R1 and R2, as shown in this figure, are summarized in
Tables 5-6. The results show that, for the two post-discharge times studied, although the
de-excitation reactions of O, are not considered when using the standard solver and GRI30
(R2), the conversion rates of the other reactions present in the two reactors are perfectly

equivalent, see Tables 5-6.

Table 5: Molar production rates at t3 of the 5 most important neutral species reactions, for
single reactor case (R1), and switching reactor case (R1 + R2).

Q; [mol.m®.s7!|

Reaction t3
R1 | R1+R2
CH, + OH — CH; + H,0O 0.69 0.69
O+203 — Oy + Oy 0.55 0.55

H+ 205 — HOy + O, 0.37 0.37
HiO, M—HO, M | 021 | 021

Table 6: Molar production rates at t5 of the 5 most important neutral species reactions, for
single reactor case (R1), and switching reactor case (R1 + R2).

Q; x 1073 [mol.m®.s7?
Reaction ts

R1 R1+R2
2 CH3(+M) — CyHg(+M) 1.2 1.2
CH;30 + O, — CH,0 + HO, 0.6 0.6
CH, + OH — CHj; + H,0 0.6 0.59
CH; + HOy — CH3;0 + OH 0.59 0.59

CH; + HOy — CH, + Oy 0.0156 0.0155

This tends to show that neglecting reactions which only involve different excited states
of O,, has a negligible effect on the chemical composition of the mixture. This method
of switching reactors is therefore interesting because it avoids the drift of minority species

caused by the use of a plasma solver and associated plasma chemical scheme that is not
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adapted to the actual state of the gas between discharges. Although negligible for a single
discharge, this drift can be significant for thousands of discharges.

Figure 16 shows the evolution of mole fractions, pressure and temperature over the first 6
periods using the R1 reactor alone (solid line) and the switch reactor method R1/R2 (dashed
line). There is a drift in the results between the two methods, but it can also be seen that
the use of a constant volume reactor (R1) results in a significant increase in pressure and
temperature. The observed drift between the two methods is therefore mainly due to this
increase in temperature. In practice, however, the reactor is operated at constant pressure
and temperature variations are considered negligible. Constant volume transformations only
make sense for very short times when the acoustic waves do not have time to leave the reactor
volume. It can therefore be concluded that the most realistic results are obtained using the

reactor switch method.

Evaluation of the heterogeneity factor from measurements

The heterogeneity factor § is a modeling parameter that must be determined from both
experimental and numerical results. Its value is determined by comparing the mass frac-
tions obtained from the simulations with the gas chromatography measurements available
at the reactor outlet. However, this process is not straightforward, as it requires parametric
simulations over the entire reactor, i.e. over tens of thousands of periods, with multiple
discharges during each period. Therefore, in order to limit the computational cost, it was
decided to simulate only the first hundred periods and then to use an extrapolation of the
mass fractions at the reactor outlet for comparison with the measurements.

In the absence of a known value for the heterogeneity factor, an iterative process was
employed. This process involves starting with an arbitrary initial value for 5 (first guess),
running a simulation, extrapolating the results to allow comparison with experimental data,
and then correcting the value of 3. The process is repeated until a satisfactory agreement is

achieved. Finally, it was found that the heterogeneity factor of § = 0.96 (M=26) provides
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satisfactory results for O,, CH,, CO, and CO. Only the results from the final iteration of
this process are presented here.

The extrapolation of this last simulation results (5 = 0.96) is based on the assumption
that the averaged progress variable O, of the main species k (k € {CHy, Oy, CO,}), whose
definition is based on the mass fractions, follow a power law of order n. Accordingly, the
equation (19) writes:

dCy
dt,

— ACr ", ke {CH,0,C0,}  and  Ci = Yy — Yilg—o)l (21)

Integration of Equation (21) gives:

1

Cp = ((1—nk)A,€tr)l*"k (22)

The values of the extrapolation parameters A; and ny, obtained by fitting the extrapolation
curves to the simulation results for the three species (CHy, Oy, CO,), are collected in Table

7.

Table 7: Extrapolation parameters n; and Ay

M = 26
Ak T
O, | 0.0067 | 0.155
CH,y | 0.0023 | 0.139
CO4 | 0.0001 | 0.675

There is excellent agreement over the hundred periods between the simulation results

and the extrapolation function given by equation (22), see Figure 17.
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Figure 17: Extrapolation of Oy, CHy and CO, using equation (22).

The mass fraction of CO was obtained from the carbon balance at the reactor outlet,
neglecting the effect of minor carbon species on the overall balance. The numerical results
underestimate the conversion of species when compared to experimental results, see Figure
18, but the shape of the evolution as a function of residence time is relevant. Studies are still
needed to refine the value of this heterogeneity factor, which is very high, i.e. close to its
maximum of unity. The aim of the future studies will be to carry out complete simulations

of the reactor without extrapolation.

39



0.82 0.18

0.78 \ 0.14
Ny

0.70 0.06
— M =26 — M =26
Experiment Experiment
0.66 0.02
5 6 7 8 9 5 6 7 8 9
Residence time [s] Residence time [s]

(a) (b)

0.05{ — M=26 0.025] — M=26
Experiment Experiment

0.04 0.0201
8 0.03 80.015’
> N

0.02 0.0101

0.01 0.005

0.00 0.0001

5 6 7 8 9 5 6 7 8 9
Residence time [s] Residence time [s]

() (d)

Figure 18: Extrapolation of O, (a), CHy (b), CO (c¢) and CO, (d) mass fractions for the
26 particles case. Comparison of the extrapolation with the experimental result at different
residence times (5.27, 6.14, 7.37 and 9.22 ms).

Finally, a summary of the complete simulation procedure is provided in Figure 19.

Conclusions

This study presents a comprehensive methodology for the one-dimensional statistical mod-
eling of a practical DBD reactor, from the processing of the measured electrical signals used
in simulations to the Monte Carlo method that accounts for the spatial heterogeneities of
the plasma discharges. The proposed statistical approach clearly identifies the assumptions

needed to simplify the real complexity of the DBD reactor to a 1D flow, laying the ground-
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Figure 19: Summary of the modeling strategy.

work for more refined future models capable of incorporating phenomena such as catalysis.

The numerical results provide a realistic description of the electrical power consumption
and the current flowing through the gas in a complex case where approximately one hundred
plasma discharges occur per electrical half-cycle. The combination of chromatographic mea-
surements at the reactor outlet with numerical simulations yields the heterogeneity factor of
the discharges, which is identified as a key parameter in the model. Although the flow ap-
pears stationary on average, the results indicate a highly heterogeneous spatial distribution
of the discharges within the reactor.

A parametric analysis of an isolated discharge was also carried out to accurately define
the characteristic times. These times are then used to optimize the computational cost and
to select the most appropriate kinetic schemes for the gas phase, whether in a plasma or

quasi-thermodynamic equilibrium state. This method also distinguishes between fast trans-
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formations occurring at constant volume and slower transformations occurring at constant
pressure.

The numerical results suggest that the gases passing through the reactor are rarely in a
plasma state, highlighting the need for further research to develop kinetic schemes that are
suitable not only for the chemical behavior of discharges, but also to the quasi-equilibrium
states that follow. The accuracy of these post-discharge kinetic schemes is crucial to ensure
accurate simulations of yield and selectivity for high-value chemical compounds.

Finally, additional analysis is required to assess the numerical biases that accumulate
with each discharge, which can lead to significant drifts when attempting to simulate the
entire reactor. Despite its current limitations, the numerical tool developed in this study

provides valuable insights to complement experimental data.
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