Journal of Physics D: a?; PURPOSE-LED
Applied Physics *»¢# PUBLISHING

PAPER « OPEN ACCESS You may also like

. . . - The Preparedness Level of Housewives in
SPPARK—a novel generalized simulation tool for — beiusuiie carnassie beaserss
Tempel, Sidomulyo, Bambanaglipuro

non-equilibrium plasma chemistry Bant

F Latifah and S A Sutrisnowati

- A fault diagnosis framework based on
heterogeneous ensemble learning for air
conditioning chiller with unbalanced
samples
Zhen Jia, Guoyu Yao, Ke Zhao et al.

. . . - Computational NMR of heavy nuclei
View the article online for updates and enhancements. —ng—rrz—rrgimrm\lowmg A Cd g 157,

Pt, “"Hg, “°Tl,and = 'Pb
Leonid B. Krivdin

To cite this article: Andrea Marchetti et al 2025 J. Phys. D: Appl. Phys. 58 315204

This content was downloaded from IP address 137.204.24.180 on 14/01/2026 at 11:43


https://doi.org/10.1088/1361-6463/adeb98
/article/10.1088/1755-1315/884/1/012043
/article/10.1088/1755-1315/884/1/012043
/article/10.1088/1755-1315/884/1/012043
/article/10.1088/1755-1315/884/1/012043
/article/10.1088/1361-6501/ad480f
/article/10.1088/1361-6501/ad480f
/article/10.1088/1361-6501/ad480f
/article/10.1088/1361-6501/ad480f
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976
/article/10.1070/RCR4976

OPEN ACCESS
I0OP Publishing

Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 58 (2025) 315204 (13pp)

https://doi.org/10.1088/136 1-6463/adeb98

SPPARK—a novel generalized
simulation tool for non-equilibrium

plasma chemistry

Andrea Marchetti'"*©, Romolo Laurita'

and Matteo Gherardi'~

! Department of Industrial Engineering, Alma Mater Studiorum, Universita di Bologna, Bologna, Italy
2 Advanced Mechanics and Materials, Interdepartmental Center for Industrial Research (AMM-ICIR),

Alma Mater Studiorum, Universita di Bologna, Bologna, Italy

E-mail: andrea.marchettil8 @unibo.it

Received 28 April 2025, revised 27 June 2025
Accepted for publication 3 July 2025
Published 4 August 2025

Abstract

®

CrossMark

Plasma applications in the chemical industry are gaining interest due to the possibility of

improving the environmental sustainability of chemical processes in their electrification scenario
while also favoring their circularity. To allow the possibility of an in-depth understanding of the
fundamental chemical mechanisms, zero-dimensional plasma-chemistry numerical models are

often adopted to simulate the time evolution of plasma-gas systems. To increase the physical
representativeness of numerical models a novel, fully customizable, plasma chemistry solver
simulation platform for plasma assisted reactive kinetics has been developed by runtime
coupling Cantera (dealing with the rigorous time integration of the chemical ordinary
differential equation system) to Bolsig+ (dealing with the detailed description of electron
kinetics). A complete description of its modeling capabilities is here presented together with the
validation results obtained by the comparison against the state-of-the-art solver ZDPlasKin.

Keywords: plasma-chemistry, non-equilibrium plasma, modeling, Cantera, Bolsig+

1. Introduction

In the context of global climate crisis, the interest towards
environmental sustainability of chemical processes is arising.
To reduce the industry impact on greenhouse gasses (GHGs)
production, plasma technologies have demonstrated to be a
possible path for the chemical industry electrification, indu-
cing a large interest in the scientific community. Some
examples of the most studied plasma-chemical processes are:
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methane pyrolysis to split CH4 and produce hydrogen and
various carbon allotropic forms and nanostructures [1-7],
low temperature methane oxidation to decrease the GHGs
emissions [8—11]; methane coupling with the aim of C2 and
C3 hydrocarbons production [12-17], nitrogen fixation for
ammonia and fertilizers synthesis [18-25], carbon dioxide
splitting [26—33], ammonia cracking [34—37] and carbon diox-
ide hydrogenation [38—43].

In a plasma, electrical power is coupled with the gas
particles thanks to the charged particles susceptibility to
electro-magnetic fields. Due to their low inertia, most of the
energy is acquired by electrons and part of it is ceded to the
gas (heavy) particles through collisions. Whenever the num-
ber of collisions per unit time is not high enough to thermally
equilibrate electrons and heavy particles, the plasma is in
non-equilibrium (i.e. a single temperature is not sufficient to
describe the energies in the system). This characteristic is

© 2025 The Author(s). Published by IOP Publishing Ltd
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particularly interesting in chemical processes. In fact, it allows
new reaction pathways to occur that otherwise would not be
relevant at equal gas temperatures [44]. Moreover, plasma-
chemical processes may present fast gas temperature raises as
the system proceeds toward equilibrium [45, 46].

On the other hand, these characteristics grant plasma-
chemical interaction mechanisms high complexity: a large
number of reactive species are coexisting in the system; the
chemical kinetics is characterized by multiple timescales; the
phenomena are presenting a multiphysics nature. This often
leads to the need of numerical models to achieve insights on
the founding mechanisms of the process.

In this context, a plasma chemistry solver is a numerical
solver focusing on the zero-dimensional (0D) time-dependent
evolution of the chemical system. Its general structure includes
an ordinary differential equation (ODE) solver coupled with a
Boltzmann solver, which is a numerical solver for the elec-
tron Boltzmann equation (EBE). The purpose of the ODE
solver is to determine the time evolution of variables of
interest. Concurrently, the Boltzmann solver computes the
kinetic energy distribution of the electron population (elec-
tron energy distribution function—EEDF). This distribution is
used to determine the electron population properties that are
influencing the overall chemical kinetics. Among the avail-
able Boltzmann solvers, Bolsig+ [47] is one of the most
used, granting high customization of the hypothesis influen-
cing electron kinetic modeling. Bolsig+ is actively coupled
with different ODE solvers in most of the plasma-chemistry
solvers [48—52] through embedded versions limiting the model
customizability.

Some of the models, for example the one adopted by
ZDPlasKin [48] and Plasimo [49], are more focused on the
pure non-equilibrium plasma phenomena description. In fact,
they allow users to include non-equilibrium reaction rate con-
stants (i.e. dependent on the temperature, drift velocity or dif-
fusivity of electrons), to use signals of electrical power dens-
ities coupled to the plasma directly as an electron solicitation
(through power coupling models) for the EBE solution and
to decouple the collisions utilized in the Boltzmann solver
from the ones included as chemical reactions in the ODE
solver. On the other hand, these kinds of solvers lack chem-
ical model customizability as they are generally limited to per-
fectly stirred reactor (PSR) models with a poor description of
the reaction thermodynamics of the system as they may require
users to define a constant value of reaction enthalpy for each
reaction.

On the other hand, some plasma-chemistry solvers are
being developed based on more complex thermochemical
solvers [50, 51]. One of the most used is Cantera [53], a free-
ware open-source code highly used in the chemistry modeling
community, making use of its rigorous system thermodynamic
modeling and customizability. From the reaction thermody-
namics perspective, Cantera offers the possibility to include
species thermodynamic properties as functions of the gas tem-
perature, thus influencing the heat release (or absorbtion) from
reactions during the computations. The plasma-chemistry

solvers based on Cantera include a Boltzmann solver, e.g.
BOLOS [50] and its C++ version CppBOLOS [51], to man-
age the electron collisional processes but are not including
custom defined non-equilibrium reactions nor power coup-
ling models to input power density signals to the EBE
solver.

To enlarge the physical representativeness of plasma-
chemistry models, a novel solver, simulation platform
for plasma assisted reactive kinetics (SPPARK), has been
developed by the Authors based on a Cantera—Bolsig+
coupling. The coupling aim is granting chemical rigorousness
and flexibility of application together with full customizab-
ility of the physical hypothesis influencing the EBE solution
with the objective of filling the gaps between the two famil-
ies of plasma-chemistry solvers, providing researchers with
an open-source environment to simulate complex plasma-
chemical processes. In this sense, SPPARK is able to: include
electron collision processes in Cantera chemistry sets; include
non-equilibrium reactions with arbitrary complex reaction
rate constants; make use of power coupling models or elec-
tric circuit schemes to extract the electron solicitation to feed
Bolsig+ with; deal with heterogeneous plasma—gas mixtures;
include multizone modeling of plasma sources; use the for-
mulations available in Cantera to represent the species ther-
modynamic properties as a function of gas temperature.

The present work describes the SPPARK solver, the
plasma-chemistry models currently included, and the meth-
odology adopted for Cantera—Bolsig+ coupling. A valida-
tion of the software is also presented comparing SPPARK
computations against data obtained with the widely adopted
ZDPlaskin [48] code using reaction mechanisms describing a
N, plasma and an Ar plasma under multiple operating condi-
tions. Moreover a simple CHy splitting model is included to
further argue on the necessity including a rigorous thermody-
namic representation of the system for applications with large
ranges of temperature variability.

2. Model description

A plasma-chemistry model aims to the detailed representation
of the chemical mechanisms that occur in a plasma. The goal
can be reached by describing the phenomena existing in the
plasma discharge and the effects that these have on the state of
the gas. First of all, electron collisions should be included in
the model as they allow energy to be transferred from elec-
trons to heavy particles. These collisions, together with the
electromagnetic field intensity, are responsible for the over-
all behavior of the electron population as a swarm of particles
(i.e. their mean energy (e), their diffusion coefficient D, their
mobility coefficient i etc.). Through collisions, which are con-
sidered as chemical reactions, electrons can drive energy to
the mean kinetic energy of the gas particles (their temperat-
ure) or to their internal energy (i.e. exciting their electronic
state). Species produced by electron collisions are reacting in
the gas system. As these particles state is shifted from the
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Figure 1. Cantera-Bolsig+ coupling conceptual scheme. Boxed are
represented the specific tasks attributed to each solver. Arrows
indicate the data transfer between the two: the system
thermodynamic state and electron solicitation from Cantera to
Bolsig+ and the electron swarm parameters from Bolsig+ to
Cantera.

macroscopic equilibrium (i.e. the equilibrium state defined by
the gas temperature in low ionization plasmas), the rates of the
reactions they are involved in are generally a function of the
overall plasma state (i.e. are also dependent on the electron
swarm coefficients) and so cannot be analytically expressed
through simple Arrhenius rate constants. All of these aspects
are addressed in SPPARK through the Cantera—Bolsig+ coup-
ling rationale schematically represented in figure 1.

The coupling involves Bolsig+ to solve the EBE, obtain-
ing the EEDF from which the electron collisions rates (k;) and
the kinetics parameters can be derived, and Cantera to com-
pute the electron solicitation for Bolsig+ through power coup-
ling models and to time integrate the ODEs to obtain the new
plasma state (its temperature T, pressure p, molar fraction x;
and electron density N ) at each timestep.

In this section, the theoretical model representing electron
collisions, non-equilibrium processes, power coupling mod-
els, electron effects on gas temperature and heterogeneous
plasma interactions are described. Furthermore, the adopted
strategies to include electron collisions and non-equilibrium
reactions in objects derived from Cantera classes together with
the methodology of synchronized coupling of Bolsig+ during
the time integration are introduced.

2.1. Plasma chemical kinetics

Electron collisions are the driving force of the non-equilibrium
chemical processes taking place in a plasma. In general, elec-
tron collisions are considered as binary reactions with the
heavy species being targeted by the impact assumed to be
stationary [54]. By convention, collisions can be classified
as: elastic when the energy ceded by the colliding electron is
conveyed in the kinetic energy of the heavy target particles;
inelastic when the energy transfer from the electron results

in a variation of the internal energy of the target particle.
Macroscopically, elastic collisions lead directly to a raise of
the gas temperature whilst the inelastic collisions in the pro-
duction of new chemical compounds (generally unstable);
these can be electronically excited states of a species, roto-
vibrationally excited states of molecules, ions and radicals.
Each of the produced species will then interact with the whole
system of particles resulting in a superposition of thermo-
chemical, electron kinetics and non-equilibrium mechanisms.
The last two reaction mechanisms require the definition of rate
constants (k;).

Electron collisions rate constants are obtained directly from
their cross-section by the following integral formulation:

k;ou‘f:w/aaj (e)F(g)de (1)
0

where, 0; (¢) (m?) represents the cross-section of the jth colli-
sion, F(g) (eV~3/2) the EEDF, ¢ (V) the kinetic energy of

1/2
the colliding electron and v = (%) a constant with e (C)
and m, (kg) electron charge and mass respectively. In case
of reversible reactions, the inverse rate constant is determined

through the following expression [47],
gt / (e-U)oy(e=U)F(e)de
0

where ‘%‘ is the statistical weight ratio between the forward
collision products (g) and the forward collision reactants (g;)
and U; (eV) is the threshold energy of the collision.

The EEDF can be obtained by solving the EBE [47]:

CUER VI R N, 3)
ot m,
where f is the electron distribution in the six-dimensional
phase space, X and V are respectively the vector of space and
velocity coordinates, E is the electric field and C is the colli-
sion integral term of the equation.

On the other hand, the non-equilibrium reactions rate con-
stants are usually expressed in analytical formulations depend-
ing on both the gas overall thermodynamic state and electron
kinetic parameters (i.e. electron temperature, mobility and dif-
fusion coefficients) also obtained from the EEDF [47]:

k;leq :k.?eq (Tgasv Tev e, De?"')' (4)

2.2. Power coupling models

As described in [47], the external solicitation required for
the EEDF equation solution is the reduced electric field E/N
(with E electric field magnitude and N heavy particles num-
ber density). In general, the reduced electric field is labori-
ously measured, thus, to extend experimental data availabil-
ity, deposited power density values are more often used as
the electron solicitation [3, 55, 56]. For this reason, to solve
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the EEDF equation, which explicitly depends on the reduced
electric field value [47], using the deposited power density, a
correspondence between power densities and reduced electric
fields values is required. This is obtained through power coup-
ling models. Among the available ones, two are here described.
The first algebraic model utilizes the local field approxima-
tion (LFA) [54] to obtain E/N (Td) directly from the deposited

power density:
E 1 P,
-10%! (5)
N N Nepepte

where N is the heavy particles number density (m~?), I3p is
the deposited power density in the plasma (Wm™3), Nep is
the electron number density (m~3) in the plasma and g, is the
electron mobility (m?/(V -s) ). This relation is obtained by
the Joule heating equation:

P, = oE> ©6)

where the approximation o = N ey is introduced making
the whole power coupling model hold for low excitation
frequencies [54].

The second model is generally more accurate as it relies
on the homogeneous local mean energy approximation (LEA)
[57] from which the following equation can be obtained and
solved to compute the mean electron energy ({¢) — eV):

d<€> _L i_ N dNe,p
T = Ne,p ( e Qc1 — Oin <5> dr ) @)

where Q) and Q;, are the powers deposited (lost) by electrons
respectively in elastic and inelastic collisions (eVs~'). Both
Qe and Qj, can be computed from the EEDF [47] as follows:

K, T OF
Qel = NepN Z nyM /|:01(2F+ Z e )}da

Jj=elastic
€))
Oin = Ne,pN Z ijj (yjl-owk;O]]‘f_ y;pk;°1l’i) ©)
Jj=inel

where x; and M; are respectively the molar fraction (consider-
ing just the heavy particles) and the mass (kg) of the chemical
species involved in the jth collision, K} the Boltzmann constant
(JK™Y), T the gas temperature, U; the energy threshold of the
Jjth collision (i.e. the chemical bond energy for a dissociation,
the energy gap between two electronic shells, etc...) and yjl-""“
and y;'p the population fractions in the lower and upper excited
states. The E/N value is then obtained by matching mean elec-
tron energy obtained by equation (7) with the one obtained by

[47]:
/a%F
0

with F being obtained by the solution of the EEDF equation
with the target E/N value as an input.

(10)

Reactor walls
Cathode

/ bulk

Gas | i

Plasma-gas interface

Cathode
interface

Anode
interface

Figure 2. Abstract representation of a plasma reactor including
walls, electrodes and plasma-gas interfaces.

2.3. Heterogeneous phase plasma interactions

In many systems the generated plasma phase is in contact
with electrodes and reactor walls. For this reason, includ-
ing heterogeneous phase plasma-solid interaction is funda-
mental to comprise the additional charged particles losses.
Moreover, many plasma discharges cannot be considered to
be homogeneous, being characterized by an admixture of gas
and plasma phases (figure 2). The plasma—boundary interac-
tions and plasma-gas mixtures models adopted by the Authors
are here described.

2.3.1 Plasma-boundary interactions. Heterogeneous
plasma—solid interactions can be described by means of sur-
face interactions at the interfaces between the plasma and the
solid phases. These interfaces can be represented as catalytic
solid interfaces being characterized by an area (A) and a dens-
ity of active sites (Sq). In addition, the loss mechanisms can
be included as surface reactions occurring on the surface of
the catalyst. The here presented model refers to two types of
plasma-solid interfaces: Walls and Electrodes. Wall interfaces
allow species to stick to their surfaces introducing additional
loss terms for the species interacting with them. On the other
hand, Electrode interfaces are characterized by permeability
to electrons. A solid phase must then be included to function
as a reservoir of solid electrons to be ceded (in a cathode
electrode) or to be extracted (in an anode electrode) from the
Electrode interfaces. The plasma solid interactions are par-
ticularly relevant to include charged particles losses to the
system boundaries. The model adopted by the Authors allows
to consider these losses through the definition of a transport
loss frequencies (v1,) and to determine the loss rate constant;
in the following example, a general mechanism of electron
loss to an anode interface (represented by an anode active site

A(S)) is presented,

k —_ _

e HA(S)BAS) T ZA(S) + e
k=wm-¥ L . an
ki =k >k
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In the above expression kg represents the plasma-to-surface
loss mechanism rate constant, whilst k; represents the anode
restoration rate constant with V being the plasma volume. The
ki constant is arbitrarily chosen to be much greater than k to
ensure the instantaneous restoration of the active sites of the
electrode.

Many expressions to include charged particles transport
losses v, in 0D plasma-chemistry modeling have been presen-
ted by Alves and Tejero-del-caz depending on the dominant
discharge phenomena [58].

2.3.2 Plasma-gas mixtures. To extend the applicability
of the model to non-homogeneous plasma discharges two
approaches are here introduced. The first one makes use of the
same principle used for plasma-solid interactions. If a plasma-
gas interface can be properly defined, the transport of species
between the two phases can be modeled introducing a fictitious
surface of voids (V(S)). Doing so, a transport frequency (v,)
can be used to model the exchanges between the two phases
as in the following example:

X®) 4 v(S) %‘» V(S) +X®
1

=) 1 (12)
k1=V$g)-%-Sid

with ko being the plasma-to-gas transport rate constant, k;
the gas-to-plasma one and X, X(®) referring to the same X
species considered in the plasma and gas phase respectively.

Vp and V; here represent the plasma and gas phases volumes

respectively whilst V-,(—p) and V-,(—g)

plasma transport frequencies.

If the plasma-—gas interface cannot be easily defined (i.e. the
two phases are strongly mixed), a second approach can be used
by introducing a volume weighted approximation. Assuming
that free electrons are present only in the homogeneous plasma
phase, the EBE can be solved by considering a higher dens-
ity electron population obtained by the global (mean) electron
density as:

the plasma-to-gas and gas-to-

N,
Nep=—
ep o

13)

where NV, is the electron number density in the whole volume
and the term ¢ = %, with V,, the plasma volume and Vi, the
total volume, is the plasma to total volume ratio. Under this
approximation, the collisions rate constants and electron kin-
etic parameters are calculated as in a pure-plasma homogen-
eous system, but their overall effect is downscaled by consider-
ing an available population of N, particles to be able to support
the non-equilibrium processes.

2.4. Implementation in Cantera

The previous sections highlighted the need of a closed coup-

ling between Cantera and Bolsig as summarized in figure 3.
Bolsig+ is freely available as an executable file. Its com-

mand line operated version elaborates the user requests

v

(1)  Cantera-Bolsig+

states synchronization

4

(2) Bolsigt execution

and results parsing

Y

3) PlasmaSolution
rates update

Y

4 Cantera

time integration

Figure 3. Single time-step Cantera—Bolsig+ coupling algorithm.
At the beginning of the time-step the Bolsig+ gas state is
synchronized (1) accordingly with the results obtained by Cantera in
the ODE time integration together with the reduced electric field
value relative to the simulation time (either imposed or computed by
the power coupling model of choice). Bolsig+ is then called (2) to
solve the electron Boltzmann equation and extract the electron
transport and kinetic parameters which are parsed and fed back to
the PlasmaSolution object (3) to update the rate reaction constants.
Ultimately, the time integration of the ODE:s at the current
simulation time is effectuated (4) providing the results necessary for
the new time-step.

delivered in a text file. The input file contains the hypothesis on
the electron kinetics model, the path to the cross-section data
file and the path to the output text file. To couple Cantera and
Bolsig+ in a python environment, a python wrapper to write
the inputs, execute the simulation and read the results has been
developed. To ensure the consistency of the electron kinetic
simulation with the plasma-gas system state the wrapper con-
sists of a system of python classes representing species, reac-
tions and the whole particles system which allows the runtime
coupling of the two codes.

In SPPARK the single timestep operations are executed
as follows and summarized in figure 3: at first a synchron-
ization of the Bolsig+ hypothesis to a PlasmaSolution (the
SPPARK Solution class inheriting its attributes and methods
from the Cantera Solution class) state is performed; secondly,
a call of Bolsig+ computes the electron collisions rates and
the electron kinetics parameters for the non-equilibrium reac-
tion rates, which are parsed from the Bolsig+ output text file;
non-equilibrium rates are computed and the numerical val-
ues of electron collisions and non-equilibrium rate constants
are updated in the PlasmaSolution object; afterwards the time
integration in Cantera is carried out obtaining a new state for
the PlasmaSolution object allowing the next timestep to occur.
The runtime coupling of the two solvers is obtained through
the ExtensibleReactor classes available in Cantera by modify-
ing the constitutive equations to consider the plasma effects on
the system.
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kT =1 (Tyas) Ter e D, o)

PlasmaSolution object modified

Figure 4. Detailed description of the Bolsig—+ results coupling to
reaction rate constants. The terms highlighted in red are results
directly parsed from the Bolsig+ output files which are used in the
after_get_state method of the ExtensibleReactor class of Cantera to
modify the rate constants of electron collisions and non-equilibrium
reactions.

Depending on the application, users can select the
ExtensibleReactor of choice and apply the same coupling pro-
cedure previously described.

To further clarify the procedures required to consider
electron collisions and non-equilibrium reactions in Cantera,
represented by point (3) in figure 3, figure 4 provides an
in-depth scheme of the rate constants update. These oper-
ations are executed in the after_get_state method of the
ExtensibleReactor class before the evaluation of the ODEs
terms is performed in its after_eval method.

2.4.1. Plasma chemical kinetics. ~ The electron collision rate
constants computation requires the integration of the cross-
section of the reaction weighted on the EEDF, as described
in equation (1). Concurrently, non-equilibrium reactions are
strongly dependent on the electron kinetic parameters. In
Cantera the definition of user defined rate constants is imple-
mented by the use of CustomRate and ExtensibleRate classes.
The first one presents a strong limitation since it allows the
definition of a custom function for the rate computation only
dependent on the gas temperature. The other can take all
the thermodynamic data from a Solution object and use it
to evaluate the rate. Although the latter is a positive fea-
ture, the implementation of a new rate requires a new class
definition for each additional reaction, which is not suit-
able for large chemistry sets. By virtue of these considera-
tions, two different approaches have been applied for elec-
tron collisions and non-equilibrium reactions. The first are
treated as constant Arrhenius rates whose values are updated
each timestep using the results obtained from Bolsig +. For
this reason, the reactions are first defined through the cross-
section data in the Bolsig+ input text file and then coupled

to Cantera Reaction objects. Additionally, users can select-
ively choose which subset of the electron collisions used in
Bolsig+ to compute the EEDF to include in the ODE time
integration. For the second type of reactions, the customized
class CustomPlasmaReaction is introduced. This class takes
the reaction equation, a reaction order and a python function
as inputs. The python function is user defined and returns the
rate constant value. Each instance of this class is then associ-
ated with a Cantera Reaction object in a PlasmaSolution object
whose rate is updated at each timestep. Furthermore, elec-
tron inelastic collisions and some non-equilibrium reactions
(i.e. some radiative relaxations of electronically excited spe-
cies) should not directly influence the gas temperature com-
putation. For this reason, all the inelastic collisions and the
subset of CustomPlasmaReaction objects are extracted in the
PlasmaSolution class as no-heat reactions, whose reaction
enthalpy will not be considered in the heat equation.

2.4.2. Power coupling models.  To include the two power
coupling models (equations (5) and (7)) in the runtime coup-
ling, they have been introduced in two ExtensibleReactor
classes. The LFA model (5) is simply included in the
after_get_state method of the class whilst the LEA model (7)
is included in its after_eval method.

2.4.3. Heterogeneous plasma interactions. To ensure the
maximum freedom in modeling transport phenomena, an addi-
tional Plasmalnterface class (inheriting from the Cantera
Interface class) has been introduced. The class has the pos-
sibility of including CustomPlasmaReaction objects defin-
ing the rate constants of transport losses or gains of the
adjacent phases. Regarding the Electrode boundaries the
Plasmalnterface is coupling the ExtensibleReactor contain-
ing the PlasmaSolution with a ConstPressureMoleReactor
containing a fixed-stoichiometry phase representing the solid
electrode phase. On the other hand, the gas-plasma interface
for plasma-gas mixtures modeling can be represented by a
Plasmalnterface as well connecting two ExtensibleReactors
for the two PlasmaSolutions. Even if it does not include
charged particles, the choice of representing the gas through
a PlasmaSolution allows the inclusion non-equilibrium reac-
tions that may occur between the transported species.

3. Validation results

The code validation has been performed against the
ZDPlasKin solver [48] on three chemistries. To ensure the
comparability of the results, the same conditions available in
the model adopted by ZDPlasKin were replicated in SPPARK.
The first chemistry refers to an N, discharge under a simple
custom power pulse solicitation. The second chemistry refers
to an Ar plasma ignited under a continuous (DC) voltage sig-
nal, coupled to the chemistry through a simple circuit model,
considering a multicomponent EBE solution and charged spe-
cies losses due to ambipolar diffusion. The third chemistry,
referring to a CHy discharge, is ultimately presented to intro-
duce an example to further discuss on the potential differences
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Figure 5. Power density signal provided to the simulation.
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Figure 6. Electron number density (blue) and reduced electric field
(red) results comparison between ZDPlasKin (continuous line) and
SPPARK (dots) simulations for a pure N, plasma at a constant
temperature of 298.15 K and 1 bar of pressure.

in non-isothermal plasma-chemistry simulations when adopt-
ing a rigorous gas thermodynamic approach.

3.1 N, discharge

A homogeneous (p = 1), closed PSR with a volume of 1 m?
was chosen to represent the discharge domain. The adop-
ted chemistry set represents a N discharge at 1 bar and is
freely available in the ZDPlasKin website. The gas temper-
ature was set constant at 298.15 K. The electron solicitation
was provided as deposited power density (figure 5) under the
LFA model as additional ODEs cannot be included in the
ZDPlasKin equation system.

In figure 6 the results on the electron density and reduced
electric field computed by SPPARK are shown against the
same values obtained by ZDPlasKin. Figure 7 shows the com-
putations of both solvers on heavy species number densit-
ies. The results show a good agreement between the two
solvers computations. The maximum relative errors between
the two have been calculated and are shown in figure 8
proving the almost exact equivalence in the two different
solvers. Replicating the same approach, the code has been
tested on multiple cases with varying power signals, pres-
sure and temperatures showing a good agreement between res-
ults (figures 9—11). Since SPPARK employs an adaptive time-
stepping scheme both for computation and for storing results,
while ZDPlasKin restricts output to user-defined time instants,
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Figure 7. Heavy particles number densities results comparison
between ZDPlasKin (continuous line) and SPPARK (dots)
simulations for a pure N, plasma at a constant temperature of
298.15 K and 1 bar of pressure.
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Figure 8. Maximum relative error (in percent) between the
SPPARK and ZDPlasKin computation.

a time interpolation of the SPPARK simulation results was
performed to enable a direct comparison at the same output
times. It is worth noting that the minor discrepancies observed
between the results may be attributed to this interpolation pro-
cedure. The SPPARK executions took an average of 3 min
and 31.12 s whilst the ZDPlasKin executions took 1 min and
2.81s.

3.2. Ardischarge

A plasma chemistry set comprising charged particles trans-
port loss mechanisms due to ambipolar diffusion in an Ar
plasma is available for ZDPlasKin. The considered plasma
system represents a homogeneous Ar plasma at a pressure
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Figure 9. Electron number density (blue) and reduced electric field
(red) results comparison between ZDPlasKin (continuous line) and
SPPARK (dots) simulations for a pure N, plasma at: (a) a constant
temperature of 298.15 K, 2 bar of pressure and 10* W cm™2 of peak
deposited power density; (b) a constant temperature of 500 K, 1 bar
of pressure and 10* W em ™2 of peak deposited power density; (c) a
constant temperature of 298.15 K, 1 bar of pressure and

7.5 - 10° W em ™ of peak deposited power density.
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Figure 10. Heavy particles number densities results comparison
between ZDPlasKin (continuous line) and SPPARK (dots)
simulations for a pure N2 plasma at: (a) a constant temperature of
298.15 K, 2 bar of pressure and 10* W ecm ™3 of peak deposited
power density; (b) a constant temperature of 500 K, 1 bar of
pressure and 10* W cm™> of peak deposited power density; (c) a
constant temperature of 298.15 K, 1 bar of pressure and

7.5 - 10> W em ™2 of peak deposited power density.

of 100 torr and a constant temperature of 300 K in a cyl-
indrical reactor having a radius () of 4 mm and a gap (d)
between electrodes of 4 mm. The electron solicitation was
provided in the form of reduced electric field values by coup-
ling a simple circuit model composed of a DC voltage gen-
erator and a series of a ballast resistor and a plasma resist-
ance representing the discharge, while neglecting the voltage
drop across the sheaths, to the plasma-chemistry model. Even

(a) (b) (c)
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Figure 11. Maximum relative error (in percent) between the
SPPARK and ZDPlasKin computations at: (a) a constant
temperature of 298.15 K, 2 bar of pressure and 10* W em ™3 of peak
deposited power density; (b) a constant temperature of 500 K, 1 bar
of pressure and 10* W em ™ of peak deposited power density; (c) a
constant temperature of 298.15 K, 1 bar of pressure and

7.5 - 10> W em ™2 of peak deposited power density.

if the circuit model might not be the best representation of
a plasma-electrical behavior, it has been implemented to fur-
ther compare SPPARK computations against ZDPlasKin. The
DC voltage signal (U) was set at 1 kV with a ballast resistor
(R) of 1 k2. The plasma resistance was calculated through the
plasma conductivity (o & N, pepie) accordingly with the time-
evolving electron density and mobility. In SPPARK, the circuit
is coupled with the chemistry by providing the circuit net to an
ExtensibleldealGasMoleReactor object from Cantera, adap-
ted to explicitly solve the circuit voltage and current equations
and the reduced electric field has been computed from the
voltage drop across the plasma resistance. This feature allows
to generalize the applicability of the approach to an arbitrary
circuit net which is automatically translated from its com-
ponents and circuit nodes definition to the constitutive circuit
equations. To ensure a smooth evolution of the plasma con-
ductivity in time, the time step has been limited to a max-
imum of 1 ns. In ZDPlasKin the coupling has been performed
as implemented in the in the reference example as expressed
in equation (14):

J=e (7Tr2) Nevy
1 U

E _
13
10—17g() £10—99

(N)lest — Nd+
=05 (%)[est + | (AE/)teStH

(++1)
where J is the electron current (A), e is the electron charge (C),
N, is the electron number density (¢cm™), vq is the electron
drift velocity, N is the neutral particles density (cm™?), r and

(14)

E
N

d are respectively the discharge radius and diameter (cm), E®)
and ECHD) are respectively the electric field at the current time-
step is the electric field at the next time-step (V cm™! )

The ambipolar diffusion losses were included using two
different approaches for ZDPlasKin and SPPARK. The



J. Phys. D: Appl. Phys. 58 (2025) 315204

A Marchetti et al

ZDPlasKin model treats these as homogeneous phase reac-
tions leading to the production of wall-attached species. In
SPPARK they were included as plasma-boundary interactions
(described in section 2.3), considering the whole external sur-
face of the plasma phase as available for the charged species
losses. To better clarify how such reactions are included in
SPPARK the example for the ambipolar diffusion losses is
provided (equation (15)),

2 2
A (B)7 4 (201)

J— @ Tg Te
v=152 p 273.15 116 A
1 3
a

1160
k(Tg7Teap) = V,‘K/sdizv

5)

where V is the reactor volume (m?), A is the total external sur-
face (m?), Sy is the surface active-sites density (kmolm™2),
N, is the Avogadro constant, T is the gas temperature (K),
T. is the electron temperature (K), p is the gas pressure (Torr)
and k is the rate constant for the ambipolar diffusion losses
(cm?®s™!). This expression can be directly implemented in a
Python function giving the k value as a return to be passed as
an argument to the PlasmaCustomReaction object represent-
ative of the ambipolar diffusion loss reaction.

To ensure the full comparability of the models, a two-step of
comparison was performed. The first step concerned a homo-
geneous phase model, obtained by neglecting the transport
losses by ambipolar diffusion. In the second one, the ambi-
polar diffusion loss mechanisms were included to evaluate the
equivalence of the two approaches.

In figures 12 and 13 the computed electron density together
with the reduced electric field values and the heavy species
number densities obtained in the two simulations (A—no-
ambipolar diffusion losses and B—including the ambipolar
diffusion losses) are respectively shown. In both cases, the res-
ults show a good agreement (figure 14) between ZDPlasKin
and SPPARK with the discrepancies possibly due to the time
interpolation of the results in SPPARK (as in section 3.1) and
to the different approach in the circuit to chemistry coupling.
The simulation in SPPARK took 4 min and 49.13 s to execute
for the case without ambipolar diffusion losses and 5 min and
24.41 s for the case including ambipolar diffusion losses whilst
in ZDPlasKin tool 18.78 s and 27.51 s respectively.

3.3. CH,4 discharge

In this example, a homogeneous PSR with free-to-variate tem-
perature is used to simulate the dissociation of methane in a
plasma discharge. A power density of 75 W mm~3 having the
same shape of the signal in figure 5 is used as electron soli-
citation in a pure methane mixture at 298.15 K and 1 bar. The
adopted chemistry set is composed of five species (e’, CHy,
CH3, H and CHJ") reacting through the reactions described in
table 1. Being the chemistry set so approximate, the simulation
purpose is not to present accurate results on methane dissoci-
ation in a plasma discharge, but rather to highlight the need of
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Figure 12. Electron number density (blue) and reduced electric
field (red) results comparison between ZDPlasKin (continuous line)
and SPPARK (dots) simulations for a pure Ar plasma at a constant
temperature of 300 K and 100 torr of pressure, neglecting (a) and
including (b) ambipolar losses in the chemistry set.
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Figure 13. Heavy particles number densities results comparison
between ZDPlasKin (continuous line) and SPPARK (dots)
simulations for a pure Ar plasma at a constant temperature of 300 K
and 100 torr of pressure, neglecting (a) and including (b) ambipolar
losses in the chemistry set.

a proper species thermodynamic description for temperature-
evolving systems.

In both the SPPARK and ZDPlasKin models, the spe-
cies thermodynamic data has been obtained from NASA7
polynomials as provided by the GRI-Mech 3.0 mechanism
[59]. Being based on Cantera, SPPARK can directly
accept the polynomials coefficients in its configuration
file. The ZDPlasKin model has been featured with user-
defined functions to use the NASA7 polynomials data to
compute the ratio of specific heats of the evolving gas
mixture.
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Figure 14. Maximum relative error (in percent) between the
SPPARK and ZDPlasKin computations at a constant temperature of
300 K and 100 torr of pressure, neglecting (a) and including (b)
ambipolar losses in the chemistry set.

Table 1. Chemical reactions included in the methane chemistry set.
The rate constants are expressed in cm® s~ ! with f (o) being
obtained through the Bolsig4+ EEDF computation and T being the
gas temperature expressed in K.

1d Equation Rate constant
1 e~ +CHy = 2¢~ +CHJ f(o) [60]
2 e +CHy=e  +CH;+H  f(0) [61]
3 e” +CHf = CH; +H flo) [62]
4 CH; +H = CH,4 kroe (Tg) [59]

In table 1, kv is defined as in equation (16):

)
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(16)

where A =0.783, T1 = 2941 K, T, = 6964 K, T; = 74 K,

[M] is the sum of number densities of any neutral species such

that ko [M] and k., are respectively the low-pressure and the
high-pressure limits of the rate constant (cm?s™").

To ensure the equivalence of the two solvers implementa-

tion of gas heating due to electron-neutral elastic collisions,
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Figure 15. Internal energy of reaction for CH3 and H
recombination to CHy.
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Figure 16. Comparison of the gas temperature time-evolution in the
two simulations having the internal energy of reaction 4 excluded
(blue) and included (red) in the simulation together with the heat
release of reaction 4 (black).

a first simulation neglecting reaction enthalpies has been per-
formed. The agreement between the two approaches begins to
diminish as the energy contribution of reaction 4 of table 1
is considered in the model. In fact, to the best of Authors’
knowledge, the enthalpy of reaction must be provided as a con-
stant value to the ZDPlasKin chemistry set input file, whilst
it should be changing across the gas temperature spectrum
accordingly with the enthalpy of formation of the species it
features. This represents an approximation when dealing with
large gas temperature ranges in the simulation. To better cla-
rify this concept the values of internal energy of reaction for
each CH3; and H recombination to CH4 occurring is presen-
ted in figure 15. In figure 16 the two simulations relative dif-
ferences in the gas temperature computation are presented
together with the gas temperature change in time due to reac-
tion 4. From figure 16 it is noticeable how the ZDPlasKin and
SPPARK discrepancy is related to the introduction of the heat
released by reaction 4. It is worth noticing that the discrepancy
would increase with a larger number of temperature influen-
cing reactions. For the 2 comparisons the average computation
time for SPPARK is registered to be of 4 min and 2.1 s whilst
the ZDPlasKin execution took 8 min and 22.80 s.
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4. Conclusions

Due to their potential to enhance the environmental sustainab-
ility of chemical process, non-equilibrium plasmas are gaining
increasing interest in this technological field. Being charac-
terized by multi-physical complex mechanisms, the study of
plasma-chemistry processes often requires the application of
numerical models to gain detailed insights into their found-
ing principles. In this context, OD plasma-chemistry solvers
allow to focus on detailed chemistries limiting the simulations
computational time. To ensure full customization and flexibil-
ity of application of a plasma-chemistry solver, it should be
able to accurately consider both the electronic and thermo-
chemical effects. SPPARK, a novel plasma chemistry solver
based on Cantera and Bolsig+, has been developed. The solver
makes use of the formalism and robustness of Cantera’s mod-
els in thermo-chemical simulations together with the com-
pleteness of the description of the electronic kinetics of the
Bolsig+ model, coupling them through many state-of-the-art
models for the numerical representation of plasma effects in
a plasma-gaseous system allowing users to represent many
different plasma-chemical processes. The validity of the code
has also been proven by comparison of its simulations results
against the simulations obtained through the state-of-the-art
solver ZDPlasKin on two different chemistry-sets on multiple
validation cases. In addition, a test case on a simple meth-
ane splitting chemistry has been presented to extend the com-
parison of the two solvers to models characterized by time-
evolving gas temperatures. Due to the different approaches
in species and reactions thermodynamics representations, the
results show relevant differences in the gas temperature res-
ults which could rapidly build up when implementing more
complex reaction schemes.
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