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ABSTRACT

The Global Pathway Analysis (GPA) algorithm helps analyze the chemical kinetics of complex combustion
systems by identifying important global reaction pathways connecting a source species to a sink species
through various important intermediate species (i.e., hub species). The present work aims to extend GPA
algorithm to plasma-assisted combustion and fuel reforming systems to identify the dominant global
pathways in such systems at various conditions. In addition, the present study extends the ability of GPA
algorithm to identify reaction cycles involving the excitation of high-concentration species (e.g., O;, Ny,
and fuel) to their vibrational and electronic states and the subsequent de-excitation to their ground state,
based on their significance on the reactivity of plasma-assisted systems in terms of gas heating and radi-
cal production. Provisions are made in the GPA algorithm to evaluate the reactivity of identified reaction
pathways and cycles based on the element-flux transfer (i.e., dominance), heat release, and radical pro-
duction rate. The newly developed Plasma-based Global Pathway Analysis (PGPA) algorithm is then used
to analyze the plasma-assisted combustion of ammonia and reforming of methane. The PGPA analyses
elucidated the significance of vibrational-translational cycles on the reactivity of NHs/air mixtures. Fur-
ther, analyses on the production of NO ascribed the early reforming of NH3 to N, and H; in impeding
the production of NO during plasma-assisted NHs ignition. Lastly, the enhanced reforming of CH4/N, mix-
tures using plasma has been attributed to electron impact dissociation of CH4 when compared to thermal
reforming. In contrast, conventional path-Flux analysis (PFA) was found to require significant manual ef-
fort and pre-analysis intuitions from expert knowledge, making it arduous to provide valuable insights
into plasma chemistry. The user-friendly and automated nature of PGPA thus provides a valuable tool
for assessing the kinetics of plasma-assisted systems helpful in analyzing and, further, a foundation in
reducing plasma-assisted chemistry, without the needs of expert knowledge.

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

attachment, and recombination reactions [7]. These new classes of
reactions governing the plasma kinetics are then coupled with con-

Plasma-assisted combustion/reforming (PAC/PAR) systems pro-
vide an unparalleled opportunity to improve the ignition, flame
stabilization, and emission characteristics of combustion sys-
tems [1-6]. Plasma discharges, resulting in the production of
charged particles (electrons and ions) and various excited species,
can catalyze the production of radicals in the PAC system, thereby
enhancing the reactivity and heat release [7]. In PAR systems, these
electrons and excited species aid in the decomposition of fuel to
smaller radicals, promoting the formation of a reformed reactive
gas mixture [6,8]. The plasma chemistry involves many new reac-
tion classes such as electron impact ionization, excitation, dissocia-
tive excitation, dissociative ionization, dissociation, de-excitation,
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ventional combustion kinetics to construct the detailed PAC/PAR
chemistry [7,8]. The inclusion of plasma reactions, whose rates
depend on the reduced electric field (E/N) and cross sections of
the colliding species, introduce additional complexity to the pre-
viously intricate combustion kinetics. These complexities, along
with the considerably large size of the coupled PAC/PAR mecha-
nisms, presents a formidable endeavor in obtaining beneficial in-
sights into the kinetics of plasma-assisted systems even using a
zero-dimensional (0D) model.

Several methods exist in the literature [9-18] to identify the
aggregate behavior during the course of fuel oxidation using de-
tailed combustion chemistry. The foremost among these methods
is Computational Singular Perturbation (CSP) [9], which analyzes
the chemical behavior of the system by decoupling timescales
and reaction kinetics, thereby grouping the reactions into differ-
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ent classes based on timescales. The decoupling of fast time scales
can also be performed using Intrinsic Low Dimensional Manifolds
(ILDM) [13], based on an eigen-analysis of the governing chemi-
cal equations. In addition, Lu et al. [16] developed a Chemical Ex-
plosive Mode Analysis (CEMA) tool to identify the different ex-
plosive modes assisting the understanding of ignition and flame
structure. Won et al. [17] introduced the concept of a transport-
weighted enthalpy and a radical index to quantify the effect of
mass transport and chemical kinetics on diffusion flame extinc-
tion. More recently, Zhong et al. [19] investigated the eigenmodes
of thermal-chemical instability involving different plasma energy
transfer processes and chemical reactions in a OD plasma sys-
tem. However, the aforementioned timescale-based methods do
not identify the process of fuel oxidation to final products and the
important reaction pathways governing the same. The importance
of different reactions on specific combustion parameters (e.g., ig-
nition delays, flame speeds, etc.) can be gauged using sensitivity
analysis [18] by perturbing the reaction rate constant of each re-
action and probing its effect on the parameter. Nevertheless, sen-
sitivity analysis is a brute-force method as it involves a simula-
tion for each perturbed reaction, thereby demanding a significant
computational effort to analyze the detailed chemistry. Thus, it is
necessary to delve into lesser computationally-demanding methods
that realize the important reaction pathways governing the fuel
oxidation.

Gao et al. [20,21] developed a graph-based Global Pathway
Analysis (GPA) algorithm to identify the global reaction pathways
connecting a source and sink species based on atomic flux quan-
tification. The algorithm involves the construction of an element
flux graph, followed by the identification of certain important
species (i.e., hub species) based on a critical atomic flux cross-
ing, and subsequently identifying the global pathways for each
identified hub species. GPA algorithm presents a way to relate all
the conversion steps from the initial fuel (i.e., source) to the fi-
nal product (i.e., sink), whereas, the conventional Path-Flux Anal-
ysis (PFA) method [22] just considers one or two conversion steps
at a time. Therefore unlike PFA and timescale-based methods, the
global pathways identified using GPA describes the overall conver-
sion chemistry of fuel to products and thus, can be used to ana-
lyze and describe the importance of specific reactions or species in
governing the chemistry. Studies [20,21,23-25] also utilized GPA to
analyze the combustion chemistry of auto-ignition in 0D batch re-
actors and the local extinction and re-ignition of 3D turbulent non-
premixed flames and further, in reducing the combustion mecha-
nisms using identified global pathways. In addition to these con-
ventional GPA studies, Mishra et al. [26] proposed an adaptive
global pathway selection algorithm using artificial neural networks
to improve the accuracy of predictions of reduced mechanisms at
reduced computational costs.

Recently, Zhou et al. [27] extended the application of GPA to
soot chemistry, by considering the element fluxes of carbon atom
from polycyclic aromatic hydrocarbons (PAHs) to soot, allowing to
probe the different soot production pathways in detailed soot ki-
netics. Similarly, Johnson et al. [28] probed into the possibility of
accommodating PAC chemistry in the existing GPA algorithm by
considering both plasma and conventional combustion reactions.
Nevertheless, Johnson et al. [28] observed the necessity in improv-
ing the GPA algorithm to account for the various special effects in
the PAC chemistry. For example, the gas heating due to excitation
and de-excitation of certain species (e.g., Ny — Nj — N, with
N being a general representation of any electronic or vibrational
excited state of N,) are found to greatly influence the plasma-
assisted ignition [28,29]. The conventional GPA, when simply im-
plemented to identify global pathways in plasma assisted systems,
does not capture the excitation-deexcitation cycles and their asso-
ciated effects on the reactivity of the systems.
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The present study aims to develop a Plasma-based Global Path-
way Analysis (PGPA) algorithm for plasma-assisted combustion and
fuel reforming systems by accounting the aforementioned effects.
The highlights of the present study are three-fold: (1) An algorithm
to identify the global pathways and excitation-deexcitation cycles
involved in the kinetics of plasma-assisted systems; (2) Insights
into the various effects of each pathway/cycle such as gas heating,
radical production, and dominant fuel-consuming channels; (3) Ap-
plication of the newly developed PGPA to the PAC of ammonia
(NH3) and PAR of methane (CH,), identifying the global reaction
channels governing the reactivity and fuel reforming. This work is
among the first to comprehensively propose a methodology to in-
vestigate the chemical kinetics of plasma-assisted systems, by con-
sidering both cyclic reactions and global conversion routes in an
accessible and automatic manner. Bellemans et al. [30,31], in their
studies, extended the application of Directed Relation Graph with
Error Propagation (DRGEP) and Principal Component Analysis (PCA)
to obtain reduced kinetic mechanisms for plasma-assisted chem-
istry. Regardless, Gao et al. [20,21] observed the GPA-based reduc-
tion to provide better error control over DRGEP-based reduction
for similar sized reduced mechanisms. Thus, in addition to provid-
ing an analysis methodology for plasma systems, the PGPA formu-
lation can be further used to develop mechanism reduction strate-
gies with finer error control for plasma assisted systems, comple-
menting the existing efforts in the literature [30,31].

The current article is organized as follows. Section 2 presents
the methodology involved in the development of PGPA algorithm.
Section 3 describes the methods used for numerical simulation
of plasma-assisted systems. The simulation results of PAC of NH3
and PAR of CHy, along with the analyses using the newly devel-
oped PGPA, followed by the discussion and comparison against
conventional path-flux analysis are presented in Section 4. Follow-
ing the analyses and discussions, the conclusions are summarized
in Section 5.

2. Plasma-based global pathway analysis (PGPA)

A detailed description of GPA to identify global pathways
for conventional combustion systems can be found elsewhere
in the literature [20,21,27]. Nevertheless, the approach to iden-
tify global pathways of plasma-assisted systems is discussed here
(Section 2.1) for completeness of the study. Subsequently, the
method to identify the excitation-deexcitation cycles will be pre-
sented in detail (Section 2.2) along with the different effects of the
global pathways and cycles (Section 2.3).

2.1. Identification of global reaction pathways

Global reaction pathways for a plasma-assisted system are iden-
tified based on the approach suggested by Gao et al. [20,21]. Firstly,
an element flux graph is constructed for an element of interest
(C, H, N, etc.) with each node of the graph representing a species
and the edges connecting the nodes depicting the element flux be-
tween the two nodes. The element flux of the eth element going
from the ith species to the jth species (A ;_, ;) is given by

AE.I“)}’ = Zae.r,i»ja (l)
r

where, a,,;_,; represents the element flux of the eth element go-
ing from the ith species to the jth species by means of the rth
reaction. In Eq. (1), @i, ; is obtained by

Qerisj = max (0, Ce,r.i»jd)r) (2)

In Eq. (2), @ represents the reaction rate of the rth reaction, while
Cerij gives the elemental flux from the ith species to the jth
species proceeding through the rth reaction and is given by Eq. (3).
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The positive elemental flux from the ith species to the jth species
alone are considered to calculate a; ;;_, ;.

o
C.. = Tle_r.j%, if Ur_jl)r’,' < l;
eni=>J 0, otherwise.

(3)

In Eq. (3), n,,; represents the number of the eth element going
out from the ith species in the rth reaction, and n, , ; represents
the number of the eth element going into the jth species in the
rth reaction. A negative value of v, jv,; (with v being the stoichio-
metric coefficient) ensures the presence of ith and jth species at
the opposite ends of a reaction, thereby enabling the transfer of
the eth element from the ith species to the jth species through
the rth reaction. When v, jv,; > 0, both the ith and jth species are
present on the same side of the rth reaction and therefore, a zero
element transfer is ensured between the two species.

The element flux graph generated using the aforementioned
methodology contains both combustion and plasma species as
nodes. The element flux involving plasma species can be calcu-
lated using the rate expressions for plasma reactions generated by
a standard Boltzmann equation solver like BOLSIG+ [32]. At this
juncture, several important species named ‘hub species’ are identi-
fied in the event of a normalized element flux going out or coming
into the species is greater than a user-specified threshold (o ):

max (Zk Qeiks Ok ae,k—»i)
maxy [ max ( ¥ ek Xk Geknm) |

As the value of o is increased to a higher element-flux thresh-
old, the number of identified hub species decreases. For each hub
species, the global reaction pathways connecting a source species
(often fuel species) to a sink species (any intermediate or prod-
uct species) through the hub species are obtained by identifying
the fastest chemical reaction pathways to transfer atoms from the
source to sink species through the hub species. The procedure of
obtaining the shortest pathways for all hub species has been ex-
plained in Gao et al. [20,21]. The global pathways are ensured to
be devoid of any cycles and repetitive steps so as to obtain simple
pathways with no repeated vertices.

= Wi = it - (4)

2.2. Identification of cyclic reaction channels

The coupled plasma-assisted combustion/reforming kinetics
consist of electrons, charged species (e.g, Nj), and radicals
(e.g., OH). In addition, PAC kinetics also contain neutral species
such as conventional combustion species (ground state species like
N,) and species at excited states (e.g., N, a general representa-
tion of any excited state of N,). Since the global reaction path-
ways identified by GPA are simple pathways with no repeated
nodes, the cyclic reaction steps involving the ground and excited
states (e.g., Ny — N3 — N;) will never appear in global path-
ways. However, the excitation of a ground state species followed
by its de-excitation back to the ground state can be of greater im-
portance as these cyclic reaction steps can result in significant gas
heating and radical production thereby improving the reactivity of
the system [28,29,33-35]. Thus, it is imperative to identify the im-
portant excitation-deexcitation cycles (simply referred to as ‘cycles’
hereafter) and their effects on the reactivity of plasma-assisted sys-
tems.

The current study employs a modified version of Depth First
Search (DFS) algorithm to find all the cycles (pathways with source
and sink being the same) involving a ground state species (Sg) and
their corresponding excited species (S;, with i representing the ith
excited state) by utilizing the element-flux graph. A schematic of
the modified DFS algorithm implemented in the present work is
shown in Fig. 1. Starting with Sy, the algorithm checks for excited
states of Sg in each adjacent node. In the instance of identifying
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an excited state species (say S;), S; is added to the cycle string (a
sequence of steps identified in the current search) and the pro-
cedure is repeated recursively to check the adjacent nodes of S;.
The recursive search is repeated until one of the adjacent node is
matched to the ground state Sy. If the search for adjacent node ter-
minates without reaching the ground state or another excited state,
the algorithm reverts to the previous excited state and the search
is continued for a different adjacent node. Provisions are made
in the DFS algorithm to detect the occurrence of repeated nodes
and discard if any, in order to avoid infinite recursions. The cy-
cle identified will be of the form Sy — S; — ... — §; — §; —
... —> Sg, where S; — §; represents all possible conversion steps
between the excited states of Sy.

Figure 2 depicts a representation of an element flux graph and
the concept of cycles identified in the present work. The species
P denotes any species which is not an excited state of Sy. It
is shown that the reaction sequence Sy — P — ... and Sg —
are not identified as cycles owing to the
presence of species P in those sequence. In addition, the sequence
So — Si — Sj — Sy — S; — S — Sy — ... is also discarded
as, this sequence forms an infinite cycle with a recurring repeti-
tion of species in a specific order (repetition of — S; — §; —
Sk —)- Thus, an identified reaction sequence is considered to be
a cycle only if the sequence contains Sy and its excited states
alone as observed in So — S; — S; —> Sy (See Fig. 2). In addi-
tion, these sequences identified as cycles shall not contain any rep-
etitions of species or specific recurring patterns.

S§i— S —P— ...

2.3. Effects of global reaction pathways and cycles

The use of PGPA to obtain global reaction pathways and cycles
explained in Sections 2.1 and 2.2 can result in the identification of
countless possible combinations of pathways and cycles. To under-
stand the relative importance of the identified pathways and cy-
cles, it is necessary to rank them based on quantifiable parameters
that relates to reactivity.

2.3.1. Element flux dominance

To understand the behavior of the plasma-assisted system, it
is necessary to find the dominant pathways governing the con-
sumption of the source species. Gao et al. [21,23] defined the fac-
tor ‘dominance’ (D¢p,) for each global pathway (GP) based on the
element flux transfer through that pathway. Dgp, represents the
fraction (a value between O and 1) of the eth element that gets
transferred through the global pathway of interest and is given by

DGP,e = Dsource.eDGP/source,e, (5)

where Dsgyrce.e is the ratio of total number of the eth atom in the
source species to the total number of the initial eth atom and is
given by Eq. (6):

%ﬂleource,e (6)
> Miinitial Ni e

In Eq. (6), 0 jniriq Tepresents the initial number of moles of the ith
species and N;, represents the number of the eth atom present
in one mole of the ith species. D¢p/source,e Tepresents the fraction
of the eth atoms going from the source to the sink through the
global pathway of interest. This is expressed in Eq. (7) as a geo-
metric mean of the fractions of the eth atoms distributed to the
conversion steps of this global pathway, in which ngp represents
the number of conversion steps in the global pathway.

1
Ae,i—>j "o
DGP/source,e = l_[ <~ . (7)

a .
i, jeGP Zk e,i—~k

Dsource,e =
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Start with node S,
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So: Ground state
S;, Sj: Any excited state of S
{S;}: List of all excited states of S,

Iterate over adjacent nodes of S, ]

-)f—\

Iterate to next adjacent node

¥

If adjacent node
€ {Si}

== == Condition is TRUE

===ss Condition is FALSE

~
Initialize cycle: Sy — S; — , &
Iterate over adjacent nodes of current S; )

-

Continue with previous
adjacent node

ILTTTTTTTTTTITS

If adjacent node is S,

If adjacent node

-3

Skip recurring nodes

If infinite recursion

[ Grow cycle: S — §; — §; — -

_ 1

Cycle found

Sop — S8 — -

.SO

Look for next cycle by continuing with previous adjacent node

Fig. 1. Implementation of a modified Depth First Search (DFS) algorithm to find all the cycles in the current study.

ho

So: Ground state
Si, Sj, Sk Excited states of Sy
P: All other species

So— P—: Not cycle (P is not excited state of S)

S¢— S;i— S;— P—: Not cycle (P is not excited state of Sg)
So— S;— S;j— Sx— S;— Sj—: Discard this cycle (infinite loop)
So— Si— Sj— Sg: Cycle

<

Fig. 2. A representation of an element flux graph involving ground state (So), excited states (S;, S;, and Sy), and other species (P). The reaction sequences shown in box

indicates the definition of a ‘cycle’ in the present study.

The GP's with the largest values of Dgp, are the dominant
global pathways. These GP’s transfer the highest flux from source
to sink indicating fast consumption of the source species. In the
current study, the proposition of dominance is also applied to a cy-
cle starting at ground state So (Dcycs,) to understand the relative
importance of different cycles in terms of element flux transfer.

2.3.2. Gas heating

Combustion and plasma chemistry encompass both exothermic
(i.e., heating: Ah; < 0) and endothermic (i.e., cooling: Ah; > 0) re-
actions. The heating induced by the pathway/cycle determines the
gas temperature thereby affecting the reactivity of the gas mixture.
Therefore, it is essential to rank the GP’s and cycles based on their
heat release. The electron-impact reactions impart a zero heat re-
lease/absorption, because the difference in energy levels between
reactants and products is purely contributed by the change in the
kinetic energy of the electrons rather than molecules, thereby lead-

ing to a change in potential energy of the molecules without re-
leasing/absorbing heat.

A GP with source Sy, sink Sy, and ngp steps is of the form
Si — S; where i =0, 1, 2,.., ngp — 1 and j = i+1. For any step §; —
S; in the GP, the total heat release in that step (Qgp;_.j) can be
calculated using

Qepij = Zd)rAth,pj.r, (8)
T

where Ahgp;_, j, represents the reaction enthalpy and @ is the re-
action rate of the rth reaction participating in the step of S; — §;.
Ahgpi_, - is taken to be zero if the rth reaction is an electron-
impact reaction. The total heating induced by the GP (Qgp,) is the
sum of all step heating scaled by the dominance. The scaling of
Qgpe (or any other quantity of interest) with dominance accounts
for the contribution of the respective global pathway to the total
heat released. In the omission of such scaling, for a particular step
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repeating in two global pathways, the same heat release will be
double-counted for both pathways rather than the contribution of
that step by a specific pathway. Dominance, in this case, is a mea-
sure to scale the contribution of a global path. Qgp, is then given
by

Qcpe = Depe ZQGP,HJH (9)

The above approach can also be utilized to find the heating
induced by a cycle (Qcycs,) by summing up the step heat re-
leases (Qcyc,ij) and scaling with dominance of the cycle (Dcycs,)
as shown in Eq. (10).

QCyC,SU = DCyc‘So Z QCyc,iaj (10)
i—j

The first step of a cycle Sg — ... — S — S;— ... — Sg is
generally an electron-impact reaction E+ Sy — E + S, where $4
is an excited state (vibrational or electronic). This step is consid-
ered to have zero heating, as the energy imparted by the electron
is solely used to increase the potential energy of Sy. The electron-
impact relaxation of an excited species (super-elastic collision) to
its ground state (e.g., E+S; — E+Sgp) is also considered to im-
part zero heating, as the energy released during relaxation is only
utilized to increase the mean kinetic energy of the electron. Other
reactions involving the ground and excited states such as the likes
of de-excitation, dissociative quenching of excited state species,
and ladder-climbing reactions of the excited state species (exclud-
ing electron impact ladder-climbing) are considered to impart non-
zero gas heating, proportional to their enthalpy of reaction.

2.3.3. Radical production

In addition to heat release, the global pathways and cycles af-
fect the production of reactive radicals (e.g., O, H, and OH) dur-
ing different conversion steps. An increase in the production of
reactive radical pool is associated to an enhanced reactivity and
faster ignition. In addition to the global pathways producing rad-
icals, ultra-fast dissociation of O, — 20 by the cycles involving
electronically excited states of N, unfold additional ways to pro-
duce radical pool [34,36,37]. Thus, it is essential to understand the
radical production in both global pathways and cycles to ascertain
the important pathways/cycles governing the reactivity.

The production of a radical R through a GP (Pgpe ) or cycle
(Peye.s,.) can be calculated by summing up the radical production
across all conversion steps scaled by the dominance, as shown in
Egs. (11) and (12):

Poper =Dape Y Poperioji (11)
i—>j
Peye.so.R = Deyes, ZPCyc.So,R.i» j» (12)
i—>j
where
Poperioj = Poyesorimj = Y Vi joor, (13)
r
and vR._ . represents the stoichiometric coefficient of the radical R

ri—
in the rtl{ reaction of the conversion step of interest.

In a nutshell, the PGPA algorithm identifies the global pathways
and cycles along with their effects on reactivity, as shown in Fig. 3.
Firstly, the element flux graph is constructed, followed by the iden-
tification of hub species based on critical flux crossing. The short-
est global pathways are identified based on hub species and the
cycles are identified from the graph based on a modified DFS algo-
rithm. The quantities of dominance, gas heating, and radical pro-
duction are calculated for all pathways/cycles to identify the im-
portant pathways/cycles that affect the reactivity significantly.
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3. Numerical modeling of plasma-assisted systems

An in-house 0D plasma-assisted combustion and fuel-reforming
solver [29] is used to simulate the plasma-assisted combustion of
NH3 and reforming of CH4 in OD homogeneous batch reactors. The
solver couples a OD plasma kinetics code ZDPlasKin [38] with a
0D combustion kinetics module based on CHEMKIN-III [39] sub-
routines, similar to existing studies in the literature [40,41]. The
collision rate coefficients of various electron-impact reactions and
the electron transport parameters are calculated by solving Boltz-
mann equation, which is valid for weakly ionized plasmas (the fo-
cus of present work). These calculations are done using an open-
source Boltzmann equation solver named BOLSIG+ [32], by using
collision cross sections as input. Nanosecond repetitive pulsed non-
equilibrium plasma discharges are considered in the current study
with microsecond gaps after each pulse. The duration of each pulse
is varied until a targeted total value of pulse energy is deposited.
The combustion chemistry is kept frozen during the pulse whereas
both plasma and combustion chemistry are active during the gap.
The solver employs a constant value of reduced electric filed (E/N)
and hence, a square wave profile for E/N is assumed. A detailed de-
scription of the solver methodology and its validation can be found
elsewhere in the literature [29,42].

A detailed kinetic mechanism for NH3, based on our previ-
ous investigation of PAC of NHs/air mixtures [29] is used in this
study. A plasma kinetic mechanism assembled in Faingold and
Lefkowitz [43] for NH3/0,/He mixtures was used as a reference for
obtaining all the NH3 - O, reactions in the mechanism used in this
work. The mechanism [29] contains vibrational and electronic ex-
cited states of N, and O, along with the vibrational states of NHs.
Besides, it also considers the electron-impact dissociation of NHs
and O, and ionization of NH3, N5, and O,. In addition, the cur-
rent study also analyzes the plasma-assisted reforming of CH4 us-
ing PGPA, for which, the pyrolysis chemistry of CH4/N,/Ar/He pro-
posed by Mao et al. [44] is chosen as the kinetic mechanism to
perform the 0D calculations.

4. Results and analysis

This section presents the numerical results of the plasma-
assisted combustion of NH3 (Sections 4.1 and 4.2) and plasma-
assisted reforming of CH,4 (Section 4.3), along with the analyses
using the newly developed PGPA. The inferences obtained from the
analyses using PGPA will be compared against that obtained from
conventional path-flux analysis (PFA). The dominance, gas heating,
and radical production of the different global pathways and cycles
obtained using PGPA will be used to ascertain their effects on the
reactivity of the systems.

4.1. Effect of E/N on NHs/air ignition

Our recent study [29] numerically investigated the PAC of
NHs/air mixtures at an initial temperature of 800 K, pressures
of 1 and 3 bar, and different equivalence ratio (¢) mixtures un-
der nanosecond pulsed discharges. The study analyzed the depen-
dence of ignition and NOy production on various parameters such
as reduced electric field (E/N), ¢, pressure, and subsequently com-
pared the ignition using plasma discharge against a more con-
ventional thermal energy discharge. The study observed a faster
ignition at a lower E/N of 150 Td (1 Td = 10~ V cm?2) com-
pared to a higher 550 Td as shown by the temperature evolu-
tion in Fig. 4(a). Using conventional path-flux analysis, at 150 Td,
the vibrational-translational (V-T) relaxation vibrational-vibrational
(V-V) exchange reactions of vibrationally excited states of N, and
NH3 were found to affect slow gas heating thereby increasing the
temperature. No significant difference were observed in the radical
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Construct the element flux graph
using Equations 1-3

4

Selection of hub species
based on Equation 4

¥
Identifying global pathways
based on shortest path algorithm

—

¥
Identifying cycles
based on modified DFS algorithm

_/

v

Dominance, Heat release, Radical production
based on Equations 5-13

[ Ranked pathways and cycles ]

Fig. 3. The flow chart of the proposed plasma-based global pathway analysis (PGPA) algorithm.
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Fig. 4. Evolution of (a) temperature and (b) number densities of H and O radicals
for E/N = 150 Td and 550 Td in a constant volume 0D batch reactor. In (b), the col-
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evolution to possibly explain the higher reactivity at 150 Td (see
Fig. 4(b)). Thus, the study attributed the higher reactivity at 150
Td to the gas heating effected by V-T and V-V reactions, and these
reactions were found to be insignificant at 550 Td thereby explain-
ing the lower reactivity at 550 Td.

To quantitatively ascertain the contribution of V-T and V-V reac-
tions on the higher reactivity at 150 Td, the current study employs
the newly developed PGPA to analyze the global pathways and cy-

cles at both 150 and 550 Td. The global pathways were identified
by constructing element flux graph for N-atom, considering the
source as NH3 and sink as N,. Besides, the PGPA was executed en-
suring the analyses of all possible cycles involving O,, N,, and NH3
and their excited states. Tables 1 and 2 show the global pathways
and cycles identified using PGPA along with the pathway domi-
nance and cycle heating at 150 and 550 Td, respectively. At 150
Td, the major cycles identified were that involving the vibrationally
excited states of N, (N3(vi_g)) and NH3 (NHs(vy)), as shown
in Table 1. These cycles begin with an electron-impact reaction
(E+ Ny — E+ N3 (vq_g)) followed by an exothermic de-excitation
(Ny(vi_g) +M — N, + M, where M is predominantly NH3). On
the contrary, the exothermic cycles involving electronically excited
states of N, (N,(B) and N,(C)) were found to be the most signif-
icant besides the sole V-T cycle NH3 — NH3(vy) — NH3 at 550
Td. These observations from PGPA indicate the dominance of vi-
brational species and their relaxation at 150 Td and conversely,
the importance of electronically excited species and their relax-
ation at 550 Td. The V-T relaxation cycles foster slow gas heating
over the microsecond gaps (~ 1416 W/cm?3), thereby facilitating a
steady rise in temperature during the pulses and gaps at 150 Td
(see Fig. 4(a)). In contrast, at 550 Td (see Table 2), the relaxation
of electronic states cause fast gas heating (~ 1164 W/cm3) over
nanosecond time scales during the pulses and the scant presence
of V-T relaxations limit the rise in temperature during the gaps.
The fast gas heating during pulse happens in a very short period
when the combustion chemistry is frozen. But slow gas heating
due to V-T cycles is spread over the microsecond gap where com-
bustion chemistry is active. Thus, the primary proponent of reac-
tivity among the two forms of heating boils down to the one with
a higher heat release. Correspondingly, the 150 Td case leads to an
overall faster temperature rise and faster ignition when compared
to the 550 Td case.

Tables 1 and 2 also show the global pathways consuming NHs
and producing N,. To validate the consumption pathways identi-
fied by PGPA, a conventional path-flux analysis (PFA) is also per-
formed at 150 and 550 Td as shown in Fig. 5. At 150 Td, the domi-
nant first step in consuming NH3 is NH3 — NH, followed by pro-
duction of H,NO, NNH, and NH (see Table 1). In addition, global
pathways shows the production of NH3(v,) from NH3, which gets
consumed to produce NH,. Similar results can be observed from
the path-flux diagram (see Fig. 5(a)), where, major consumption
of NH3 results in producing NH,, which further produce H,NO,
NNH, and NH. Figure 5(a) also shows the dominance of V-T relax-
ation of NH3(v,), thereby resulting in significantly smaller fraction
of NH3(vy) consumed to form NH,. This comparison between the
global pathways predicted by PGPA and conventional PFA reflects
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Table 1
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Global pathways and cycles obtained using PGPA for the nanosecond discharge PAC of stoichiometric NHs/air mixture
at 150 Td. A positive value of heating denotes a net heat release through the pathway/cycle.

Global pathways/cycles

Parameter

Tracked by N atom
NH; — NH; — H;NO — HNO — NO — NNH — N,

NH3 — NH; — H;NO — HNO — NO — N,
NH; — NH; — NNH — N,
NH; — NH; — NH — NyH; — NNH — N,

NH3; — NHj3(vz) — NH; — H;NO — HNO — NO — NNH — N,

NH; — NH3(v3) — NH; — H;NO — HNO — NO — N,

Cycles

Ny — Na(v2) — Ny
Ny — Na(vg) — Ny
N; — Ny (B) — N,
Ny — Na(v3) — N
Ny — Na(vq) — Ny
N; — Na(vs) — N,
NH3 — NH3(v3) — NH3
Ny — Na(vq) — Nz
N; — N (C) — N,
Total Heating

Dominance
0.066
0.054
0.053
0.046
0.034
0.026
Heating (W/cm?)
239

195

172

169

155

139

126

123

98

1416

Table 2

Global pathways and cycles obtained using PGPA for the nanosecond discharge PAC of stoichiometric NH3/air mixture
at 550 Td. A positive value of heating denotes a net heat release through the pathway/cycle.

Global pathways/cycles Parameter
Tracked by N atom Dominance
NH; — NH — NyH, — NNH — N, 0.072
NH; —s NH, —s H,NO —s HNO —s NO —s NNH — N, 0.068
NH; — NH3+ — NH; — H;NO — HNO — NO — NNH — N, 0.057
NH; — NH3(v;) — NH; —> H,NO — HNO —> NO —> NNH —> N, 0.038
NH; —s NH5(v3) — NH3+ —s NH, —s H,NO —s HNO —s NO —s NNH —> N, 0.036
NH; — NHs3(v;) — NH — NyH, — NNH — N, 0.032
Cycles Heating (W/cm3)
N; — N (C) — N, 697
N; — N2(B) — N, 355
NH3 — NH3(v3) — NH3 92
N; — Na(vy) — Ny 7.5
Ny — Ny (vg) — Ny 75
N — N2 (@) — N, 5.5
Total Heating 1164
[ v +E 95%....
NH3(v2) A N’Hgiv2)
T | NH4+ | b iy
: * 4B o H
& + 93.5%, +M (NH3, N3, O2) 11.5%."" i
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13.5% 2%
£ |roar  J3se é +E +0(ID) .
- ~ 100% N e
4 NH, NO; NH;+ —— NH, G
+HO, 5%
| N T49%
17%  318% +H; 82%
H,NO NNH OH Nge oo ¥
75% | 142% | NH3, H;NO, |
100% 92% ! NNH. N :
HNO N:H, Lo
1
00% N»
(a) E/N =150 Td (b) E/N =550 Td
---------- % Electron impact reaction ====% VT relaxation —_— Other reaction

Fig. 5. Conventional path flux analysis for the consumption of NH; at E/N = (a) 150 Td and (b) 550 Td in a constant volume 0D batch reactor.
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the ability of PGPA to accurately capture the global behavior of the
PAC kinetics. A similar comparison between PGPA and PFA at 550
Td (see Fig. 5(b)) shows the ability of PGPA to identify the produc-
tion of NH and NH3+ from NH3 and the consumption of NH3(v;) to
produce other species (NHZ, NH, etc.) in addition to NH; (compare
Table 2 and Fig. 5(b)).

Similar to conventional PFA, PGPA is found to extract the global
behavior in PAC kinetics. Nonetheless, PGPA offers a notable im-
provement in identifying specific reaction groups that are not part
of any global pathways (V-T and electronic relaxations at 150 and
550 Td, respectively, See Tables 1 and 2), yet exhibiting an impor-
tant role in reactivity. These reactions are not identified by conven-
tional PFA, because these reactions can exist as isolated reactions
(cyclic excitation and de-excitation reactions in PAC chemistry) that
do not directly participate in the consumption of fuel. To sum up,
PGPA can also extract information that PFA does not expose in a
more precise and automatic manner. Additionally, unlike PFA, PGPA
requires much less prior knowledge of chemical kinetics, making it
a more accessible analysis tool.

4.2. NOx production in plasma and thermal ignition

NH3; combustion, when compared to conventional hydrocar-
bons, is carbon free and hence does not result in the production
of CO,, CO, and other unburnt hydrocarbons. The end products
of a complete stoichiometric NH3/air combustion is H,O and N,.
Nevertheless, the fuel-bound nitrogen in NH3 can affect the pro-
duction of NOy, thereby resulting in significantly higher NOx emis-
sions compared to hydrocarbon combustion. Our recent study on
the PAC of NHs/air mixtures [29] observed the ability of plasma-
assisted kinetics in reducing the fuel-bound NOx emissions when
compared to the NOy production in conventional thermal energy
deposition. The reduced production of NOx in case of PAC was as-
sociated to the plasma-based reforming of NHz to N, and H, dur-
ing the plasma discharges. This conclusion was arrived upon an-
alyzing the system using multiple complicated path-flux analyses.
One of the objectives of the current study is to analyze the produc-
tion of NOy using the PGPA, thereby circumventing the complexi-
ties of conventional path-flux analysis.

Figure 6 shows the evolution of NO and temperature in case of
plasma discharge compared against thermal energy deposition for
a stoichiometric NHs/air mixtures in a constant pressure 0D ho-
mogeneous batch reactor. The simulations are performed at 1 bar
and an initial temperature of 800 K. A non-equilibrium plasma dis-
charge at a frequency of 100 kHz, 10 pulses, with a pulse energy of
0.05 J/cm3 (0.5 J/cm3 in total) is used. On the other hand, a contin-
uous deposition of 1.3 J/cm?3 (a higher total energy) is used in case
of thermal energy deposition in order to observe ignition. From
Fig. 6, it can be observed that the plasma discharge case, regardless
of being supplied with a lower total energy (0.5 J/cm?), exhibits an
order of magnitude faster ignition compared to the thermal dis-
charge case. In addition, a significant NO production is observed
during plasma pulses (<9 x 10-°) compared to almost zero NO
production in case of thermal deposition. Despite higher reactiv-
ity and NO production during pulses, the plasma discharge case is
found to produce a peak NO density of ~ 4 x 10’6 (see Fig. 6(a)),
which is about four times lower than that produced by the thermal
discharge case (~ 1.5 x 1017).

To understand the kinetics behind higher production of NO dur-
ing pulses and lower production of peak NO at ignition in case
of plasma discharges, PGPA is used to analyze the global path-
ways involving the production of NO during the early energy de-
position phase (plasma/thermal energy deposition) and ignition.
An element flux graph of N-atom is constructed for both plasma
and thermal discharge case and global pathways are traced with
NH3 and NO as the source and sink species, respectively. Table 3
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line) in a constant pressure 0D batch reactor. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

shows the global pathways for the production of NO for plasma
discharge case during both pulses (‘Pulse’ in Table 3) and ignition
phase (‘Ignition’ in Table 3). Similarly, Table 4 depicts the NO pro-
duction pathways for thermal discharge case during both thermal
energy deposition phase (‘TEDP’ in Table 4, in which ‘TEDP’ stands
for ‘Thermal Energy Deposition Phase’) and ignition (‘Ignition’ in
Table 4). The identified global pathways are supplemented along
with their NO production rates.

In case of plasma-assisted combustion, the NO production path-
ways during the pulses (see Table 3 - Pulse) are predominantly of
the form NH; — NH — NH — N — N; — N} — NO where
N3 represents the electronically excited states of Ny (Ny(A), N»(B),
N, (a’), and N,(C)). However, in case of thermal energy-assisted
combustion, the NO production pathways during the thermal en-
ergy deposition phase (see Table 4 - TEDP) are predominantly of
the form NH; — NH, — NH/HNO — NO. Similar observations
can be realized using conventional path-flux analysis as depicted in
Fig. 7(a) and (b) for plasma and thermal energy deposition cases.
These observation clearly indicate the early production of NO dur-
ing plasma pulse to be N,-bound as, Ny — N3 — NO is observed
to be the conversion step producing NO. Moreover, the rate of NO
production during pulses is about 15 orders of magnitude higher
compared to thermal energy deposition, owing to a faster NO for-
mation channel through pathways involving N, and its electronic
states that are absent in thermal energy deposition, thereby ex-
plaining the larger production of NO during plasma pulses.

The NO production pathways at ignition for both plasma-
assisted and thermal energy-assisted combustion are observed to
be predominantly fuel-bound as NHs3 consumes to produce HNO
followed by NO (see Tables 3 and 4 - Ignition). Similar observa-
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Table 3
Global reaction pathways for the production of NO in case of plasma-assisted ignition of a stoichiometric NH3/air mixture at 1 bar and 800 K. The pathways are analyzed
at the instances of plasma discharge and ignition.

Instance Global NO production pathways NO production (mol/cm?s)

Pulse NH; —> NH; — NH — N — N; — N»(@') — NO 5.5x 105
NH3 — NH, — NH — N — N; — N3 (B) — NO 4.6 x107°
NH; — NH; — NH — N — N; — N,(C) — N3(a’) — NO 45x107°
NH3 — NH; — NH — N — N; — N3(B) — N3 (A) — N, (C) — Ny (a’) — NO 45 x 107>
NH; —> NH3(vz) — NH; — NH — N — Ny — N»(@') — NO 4.4 %1075
NH3; —> NH;3(v2) — NHy — NH — N — N —> N3(B) —> N»(A) —> N»(C) —> Ny (a') — NO 3.9x10°5
Total production ~2.7x1074

Ignition NH3; — NH; — NH — HNO — NO 13 x104
NH3 — NH; — H;NO — HNO — NO 1.2x 104
NH3; — NH; — NH — N — N; — NNH — HNO — NO 93 x107°
NH3 — NH; — HNO — NO 8.9 x 10°
NH; — NH; — NH — N;0 — N; — NNH — HNO — NO 8.8 x 1073
NH3 — NH; — H;NO — HNOH — HNO — NO 8.7 x 1073
Total production ~7x10*

Table 4

Global pathways for the production of NO in case of thermal energy-assisted ignition of a stoichiometric NH3/air mixture at 1 bar and 800 K. The pathways are analyzed
at the instances of thermal energy deposition and ignition. TEDP stands for ‘Thermal Energy Deposition Phase’.

Instance Global NO production pathways NO production (mol/cm?s)
TEDP NH; —> NH; — NyH; — NH — NO 1.2 x 1071
NH3 — NH; — NaH4 — NoH; — NH — NO 1.3 x 10720
NH; — NH; — H;NO — HNOH — HNO — NO 1.2 x 1020
NH; — N;H; — NH — NO 6.1 x 102
NH3 — NH; — H;NO — HNO — NO 5.8 x 1072
NH3 — NH; — N;H3; — NH — HNO — NO 46 x 102
Total production ~1.6x 1071
Ignition NH; —> NH; — H,NO — HNO — NO 1.4 %1073
NH3; — NH; — NH — HNO — NO 1.3 %1073
NH; —> NH, —> HNO — NO 1x 1073
NH3 — NH; — H;NO — HNOH — HNO — NO 9.3x 104
NH; — NH; — NH — N;0 — N; — NNH — HNO — NO 9.1x 10
NH3 — NH; — NH — NyH; — NNH — HNO — NO 8.6 x 1071
Total production ~7x1073
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Fig. 7. Conventional path-flux analysis for the production of NO during (a) the plasma discharge pulses for plasma-assisted ignition, (b) the thermal energy deposition phase
(TEDP) for thermal energy-assisted ignition, (c) the ignition phase of plasma-assisted ignition, and (d) the ignition phase of thermal energy-assisted ignition in a constant
pressure 0D batch reactor. All percentages are relative to the produced species.



PN. Johnson, TS. Taneja and S. Yang

18
m/E\ ox10 b Plasma discharge ——
5 5x1018 | ‘.\Thermal discharge ===
K *
~
Z 4x10'® |
& *s
S 3x10'8 | ToTmmos ~
2 \
£ 2x10' !
z '
18 |
o 1x10 !
Z .
O ! .
107 107 10°
Time (s)

Fig. 8. Evolution of number density of NH3 for nanosecond plasma discharges
(solid black line) and thermal energy deposition (dashed red line) in a constant
pressure 0D batch reactor. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

tions can be realized using conventional path-flux analysis as de-
picted in Fig. 7(c) and (d) for both plasma and thermal energy-
assisted ignition cases. Despite the similarity in pathways, the NO
production rate for thermal energy-assisted case is an order of
magnitude higher (7 x 10~3) compared to plasma-assisted com-
bustion (7 x 10~4). This higher rate of NO production in the ther-
mal energy-assisted case can be attributed to the higher levels
of NH3 at ignition (see Fig. 8) thereby resulting in larger HNO
and NO production compared to the plasma case. Specifically, the
amount of NHj3 at the instance of thermal energy-assisted igni-
tion is about four times as that of plasma-assisted ignition, and
is synonymous with the four times higher production of peak NO
in thermal energy-assisted case compared to plasma-assisted case.
The lower levels of NH3 at the instance of ignition for plasma-
assisted case can be ascribed to the early reforming of NH3 to N,
(NH3 — NH; — NH — N — N;) during the plasma pulses (see
Table 3 - Pulse), a phenomena which does not occur during the
thermal energy deposition phase (TEDP).

Thus the PGPA analyses attributes the higher production of NO
during plasma pulses to the plasma chemistry involving N, and its
excited states and the lower production of peak NO for plasma-
assisted combustion of NH; to the early reforming of NH3 to N,
and H,, resulting in a reduction of fuel-bound NO during ignition.
The conventional path-flux analysis for NO production (as shown
in Fig. 7) does not delineate the importance of early reforming of
NHj3 in the reduction of peak NO, and therefore requires additional
path-flux analysis for the consumption of NH3 to uncover the ef-
fect of early reforming. Such analysis require certain pre-analysis
intuitions, expert knowledge, and considerable human effort, mak-
ing it laborious to obtain meaningful insights. Thus, the PGPA anal-
yses are considerably automatic and requires lesser user-assistance
when compared to path-flux analyses.

4.3. Plasma-assisted CH4 reforming

To further validate the ability of PGPA in identifying the global
pathways of plasma-assisted systems, the current study delves into
the reforming of CH4/N, mixtures using nanosecond plasma dis-
charges and conventional thermal energy deposition. The pyroly-
sis mechanism by Mao et al. [44] (CH4/N,/Ar/He pyrolysis chem-
istry) is used to simulate the reforming of CH4 diluted by 40%
N, at an initial temperature of 300 K and a pressure of 60 torr.
The plasma-assisted reforming was performed at E/N of 100 Td,
pulsing frequency of 100 kHz, and 100 pulses. While the plasma
reforming was simulated using 0.3 mJ/cm3 per pulse (total en-
ergy = 30 mJ/cm3), a much higher total energy of 300 mjJ/cm3
was used in thermal reforming so as to observe noticeable lev-
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reactor at 60 torr and 300 K. The solid lines represent plasma-assisted reforming
and the dashed lines depict thermal reforming.

els of hydrocarbon production. Figure 9 shows the evolution of
temperature and number densities of CHy, Hy, and H for both
plasma (solid lines) and thermal reforming (dashed lines). At
the end of energy deposition, the temperatures are found to be
570 K and 1920 K for plasma and thermal reforming, respec-
tively. Despite the much lower final temperatures, plasma reform-
ing exhibit an order of magnitude increased production of H
(~11 x 10" molecules/cm3) as compared to thermal reforming
(~9 x 10" molecules/cm3) as observed in Fig. 9(b). In addition
to the higher production of H,, plasma reforming is also found to
produce about two orders of magnitude higher levels of C; and C3
species as shown in Fig. 10.

In order to understand the cause of increased CH4 reforming
during plasma discharges despite a much lower energy deposi-
tion, PGPA is used to analyze the production pathways of C,Hg,
CyHy, and CyH,. The reforming process involves the decomposi-
tion of parent species (CH4) into smaller radicals (CH3, CHy, H,
etc.) [45] and charged species with the latter in case of plasma
reforming, and is followed by recombination and pyrolysis steps
forming larger hydrocarbons and H,, respectively. Thus, it is es-
sential to probe into the production rates of intermediate pyroly-
sis products to understand the dominance of one reforming tech-
nique over other. Table 5 shows the dominant global reaction
pathways for the production of different C, species along with
the production rate of first intermediate species of the respec-
tive pathway for plasma and thermal reforming cases. The dom-
inant production pathway for C;Hg is observed to be CH; —
CH3 — CyHg for both plasma and thermal reforming. Regardless,
the production rate of CHs (the first pyrolysis intermediate) is
found to be about two orders of magnitude higher for plasma
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Table 5
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Dominant global reaction pathways for the production of different C, species along with the net production rate of first intermediate species in case of plasma- and
thermal energy-assisted reforming of CH4/N, mixture at 60 torr and 300 K. The pathways are analyzed at the instance of last plasma discharge pulse for both plasma and

thermal reforming.

Assistance Global C, production pathways Dominance Species production (mol/cm3s)
Plasma CH4 — CH3z —> CyHg 0.46 4x104
CH4 — CHy —> CH —> CyHy —> GyHs —> CH3 —> GyHg 0.42 1.4 x 1075
CH4 — CHj — CH, — CH — CyHy4 0.38 1.4 x10°5
CH4 — CH3 — C3Hg —> CH; — CH — CyH4 0.33 2.8x 1074
CHy — CHf — CHy — CH — CyHy — aC3Hy —> tC3Hs — CoH3 — HyCC — GyH) 0.22 82 x 1076
CH4 — CH} — CH, — CH — CyHy4 — aCsHy —> pC3Hy —> tCsHs — CoH3 —> GoH, 0.22 8.1x 1076
Thermal CH4 — CH3 — CyHs 0.4 22 x10°6
CH4 — CH3 —> C;Hs — CyHg 0.24 1.3 x10°6
CH4 —> CH3 —> C3Hs —> CoHy4 0.9 4.9 x 1078
CH4 — CH3 —> CH — CoH,4 0.2 1.1x10°6
CH4 — CH3 —> C;Hs —> C;Hs —> CoH, 0.83 4.5 %1076
CH4 —> CH3 —> CH —> GyHy —> GyH, 0.27 1.5 x 1076
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&
§ tions involving the electronically excited states of Ny (N5(A), No(B),
g etc.) and electron (E). The absence of these reactions in thermal
Z case impedes the decomposition of CHy4 to CHs, thereby limiting
3 ': the reforming of CH4 — C,Hg as observed in Fig. 10(a).
E § Table 5 also lists the global reaction pathways producing C;Hy
§ ot b C3Hg — : and CyH,, and exhibits higher production rates for intermediates
z ! 8356 - [ (CHs, CHy, and CHJ) for plasma case compared to thermal case
102 3¢ L (CH3), thereby explaining the higher production of C;H4 and C,H,
107 104 1073 in case of plasma discharges. To validate the aforementioned ob-
Time (s) servations on the production of various C, species using PGPA,
conventional path-flux analysis is performed for the consumption
(b) C3 of CH4 during plasma discharge and thermal energy deposition.

Fig. 10. Evolution of various (a) C, and (b) C3 species for the pyrolysis of CH4/N;
mixture in a constant pressure 0D batch reactor at 60 Torr and 300 K. The solid
lines represent plasma-assisted reforming, and the dashed lines depict thermal re-
forming.

reforming (4 x 1074 mol/cm? s) compared to thermal reforming
(2.2 x 107 mol/cm3 s). Thus, despite having same global pathways
to produce C,Hg, the use of plasma clearly dominates over ther-
mal reforming by producing larger quantities of CH3 (see Fig. 11),
followed by C,Hg. Further probing into details affecting the step
CH4 — CH3 using PGPA, the major drivers of this step is found
to be CH4 + Ny(e) — CH3 + H + Ny (N (e) - electronically excited
states of N;) and CH4 + E — CH3 + H+E for plasma reforming,
whereas, CH4 + H — CH3 + H, for thermal reforming. This obser-
vation points to the dependence of thermal reforming on the H
radical concentration, which itself is produced as part of CH, re-
forming. In presence of plasma discharges, the dependence of re-
forming on H radicals is eclipsed by more reactive plasma reac-

1

Figure 12 portrays the path-flux analysis for the consumption of
CH,4 during plasma and thermal energy deposition. For the plasma
reforming (see Fig. 12(a)), it can be seen that the major first step
in CH4 reforming is CHy; — CHs (~90%), of which ~73% goes
back to CH4 via H-addition. Majority of the remaining CH3 (~23%)
recombines to form CyHg. This pathway (CH4; — CH3; — CyHg)
has been identified by PGPA as the major producer of C,Hg (see
Table 5). Figure 12(a) also shows the importance of CHI, CH,, and
CH in producing ethylene and acetylene, which are captured by
global pathways in Table 5. In case of thermal reforming, majority
of the CH3 (~76%) proceeds to form C;Hs, followed by CH4 com-
pared to CH3 - CH3 recombination (~16%). The global pathways
identified by PGPA concurs with this observation, as the pathway
CH4; — CH3 — CyHs — C,H,4 depicts a highest dominance of
0.9 and the largest production rate of CH; (4.9 x 10~6 mol/cm3 s).
Thus, the PGPA is able to identify the dominant pathways in pro-
ducing various C, species. Besides, PGPA is also able to identify ad-
ditional pathways for the production of C;H, from CyH4 for both
plasma and thermal cases (see Table 5), which would require addi-
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Fig. 12. Path-flux analyses for the consumption of CH, in (a) plasma and (b) ther-
mal reforming of CH4/N, mixture in a constant pressure 0D batch reactor at 60 torr
and 300 K. All percentages are relative to the consumed parent species.

tional path-flux diagrams to be identified using conventional path-
flux analysis. The global pathways for the production of differ-
ent C3 species are not included to account for the brevity of the
present study.

In summary, PGPA is able to identify the global reaction path-
ways for the reforming of CH,4 to different species and has been
validated using conventional path-flux analysis. These results for
reforming, along with the PGPA and validations presented for
NHjs/air ignition (Section 4.1) and NOx emissions (Section 4.2) but-
tress the ability of PGPA in identifying the global behavior of
plasma-assisted systems and their analysis.

5. Conclusion

A Plasma-based Global Pathway Analysis (PGPA) has been de-
veloped based on existing Global Pathway Analysis (GPA) algorithm
for conventional combustion systems (Gao et al. [21,25], Zhou and
Yang [27]), extending the ability of existing algorithms to un-
cover various effects of plasma-based kinetics. Firstly, the GPA has
been extended to identify the global reaction pathways based on
element-flux graphs. Subsequently, a methodology based on depth
first search (DFS) algorithm has been incorporated into PGPA, to
identify cyclic channels involving the excitation and de-excitation
of species critical to the reactivity. Quantifiable factors such as ele-
ment flux dominance (based on elemental flux transfer), gas heat-
ing, and radical production have been integrated into PGPA to aid
the analysis using global pathways and cycles by understanding
their effects on reactivity.

The newly developed PGPA is then used to assess the global be-
havior of plasma-assisted systems and has been validated against
the observations drawn using conventional path-flux analysis. In
particular, three different problems have been analyzed:
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- Firstly, the effect of gas heating due to vibrational-translational
(V-T) relaxation on ignition of NHs/air mixtures was analyzed
at different reduced electric fields (E/N), with the V-T reactions
found substantially boosting the reactivity at lower E/N. The
prominence of specific reaction groups not part of any global
pathways (V-T relaxation reactions) on the reactivity was made
apparent using cyclic reactions identified by PGPA. The discov-
ery of cyclic reactions is a notable improvement over traditional
path-flux analysis (PFA), as, such reactions isolated from the
main consumption channel of fuel are not identified by con-
ventional path-flux analysis.

The effect of plasma in reducing NOx from NHs/air mixtures
has been discerned using PGPA by identifying the major NO
production pathways. PGPA observed the early reforming of
NH3 to N, and H; to impede the production of NO during NH3
ignition. On the contrary, PFA analysis requires considerable hu-
man effort, expert knowledge, and multiple path-flux analyses
for the consumption of NH3 to uncover the effect of early re-
forming. Thus, the ease of use and mostly automatic nature
of PGPA analyses enable better insights into the intricacies of
plasma chemistry.

Finally, PGPA has been used to understand the role of elec-
tron impact dissociation of CH4 in the improved reforming of
CH4/N, mixtures using plasma when compared to thermal re-
forming. Like the previous analyses, PGPA identified several
new pathways for producing C;H, from C,Hy, requiring con-
siderably less effort than PFA.

To sum up, the current study presents a better-automated anal-
ysis methodology to understand the intricacies involved in the re-
activity of plasma-assisted kinetics with added insights compared
to the traditional path-flux analysis. The newly developed method-
ology of PGPA and its insights can be utilized further to reduce the
computational cost of plasma-assisted system simulation by for-
mulating mechanism reduction strategies for plasma-based kinetic
mechanisms.
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