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Natural gas associated with oil wells and natural gas fields is a significant source of greenhouse
gas emissions and airborne pollutants. Flaring of the associated gas removes greenhouse gases
like methane and other hydrocarbons. The present study explores the possibility of enhancing
the flaring of associated gas mixtures (C; — C, alkane mixture) using nanosecond pulsed non-
equilibrium plasma discharges. Starting with a detailed chemistry for Cj — C4 hydrocarbons
(Aramco mechanism 3.0 — 589 species), systematic reductions are performed to obtain a
smaller reduced mechanism (156 species) yet retaining the relevant kinetics of C; — C,4 alkanes
at atmospheric pressure and varying equivalence ratios (¢ = 0.5 — 2.0). This conventional
combustion chemistry for small alkanes is then coupled with the plasma kinetics of CH4, C,Hg,
C;Hjg, and N,, including electron-impact excitations, dissociations, and ionization reactions.
The newly developed plasma-based flare gas chemistry is then utilized to investigate repetitively
pulsed non-equilibrium plasma-assisted reforming and subsequent combustion of the flare gas
mixture diluted with N, at different conditions. The results indicate an enhanced production of
hydrogen, ethylene and other species in the reformed gas mixture, owing to the electron-impact
dissociation pathways and subsequent H-abstractions and recombination reactions, thereby
resulting in a mixture of CHy4, H,, C;H,, C;H,, and other unsaturated C; species. The reformed
mixture shows an enhanced reactivity as exhibited by their shorter ignition delays. The reformed
mixture is also observed to undergo increased methane destruction and higher equilibrium
temperatures compared to the original mixture as the gas temperature increases, thereby
exhibiting a potential for reducing the unburnt emissions of methane and other hydrocarbons.

I. Introduction

LARING and venting are among the routine daily activities involving the associated gas in petrochemical plants

which are uneconomical to extract and are considered safety practices to relieve pressure [1]. The associated gas
from petrochemical plants often contains a substantial amount of hydrocarbons and traces of nitrogen and hydrogen
sulfide (H,S) [2]. The hydrocarbons present in these associated gases are primarily C;-C,4 alkanes such as Methane
(CHy), ethane (C,Hg), propane (C3Hg), and butane (nC4H; and iC4H;() [2], along with traces of other hydrocarbons.
Venting the associated gases into the atmosphere results in a considerable greenhouse effect owing to the 80 times more
pronounced greenhouse effect of CH, when compared to CO, [3-5]. Therefore, it is necessary to flare the associated
gas, thereby releasing CO, and H,O into the atmosphere instead of strong greenhouse gases like CH,. Regardless,
studies [6, 7] observed flares operating outside stable operating conditions to result in unstable flares, thereby causing a
reduction in combustion and CH,4 destruction efficiencies. Thus, unstable flaring can result in a significant greenhouse
effect and affect air quality standards due to CH4 emissions and black carbon arising from the incomplete combustion
of associate gases [2]. Consequently, it is paramount to explore better flaring techniques for promoting the complete
flaring of the associate gases.

In order to facilitate complete flaring and improve methane destruction efficiency (> 99.5% destruction or removal
efficiency of methane) of an associated gas largely composed of C; — C, alkanes, it is necessary to improve the reactivity
(increased adiabatic flame temperature (T,4), ignition delays, flame speeds) of the gas mixture. The reformed mixture
can then undergo a complete flaring process on account of the increased reactivity of the associated gas mixture.
One way to enhance the reactivity of the gas mixture is to perform a plasma-assisted fuel reforming, where, the gas
mixture can be reformed to a more reactive mixture by the application of nanosecond pulsed non-equilibrium plasma
discharges [8, 9]. The application of nanosecond non-equilibrium plasma to associated gas mixtures can result in
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the production of electrons, excited, and charged species [10, 11]. In addition, plasma-assisted reforming (PAR) give
rise to several reactive radicals such as H and CH; due to the proceeding of electron impact dissociation reactions
involving CHy (e~ + CHy — ¢~ + CH; + (4—x)H). These reactions, along with the subsequent H-abstractions and
recombinations results in the production of H, and other alkene species. The enhanced reactivity of the reformed gas
mixture can be attributed to the production of reactive species such as H, (T4 = 2483 K), ethylene (C,H, : Tygq = 2375
K), and acetylene (C,H, : T,q = 2773 K) in the CH,-dominant gas mixture (T4 = 2236 K) [12]. Thus, it is imperative
to investigate the viability of plasma-assisted systems in flare gas reforming and the role of fuel reforming in controlling
flare emissions.

The present study probes into the feasibility and kinetics of non-equilibrium repetitive pulsed plasma-assisted fuel
reforming of flare gases to control flare emissions. A plasma-assisted fuel reforming mechanism for the flare gases will
be developed and used to investigate the effect of fuel reforming in the production of reactive species. The impact of
different classes of plasma reactions on fuel reforming will be analyzed using a plasma-based Global Pathway Anaylyis
(PGPA) algorithm [13]. This article is organized as follows. Section II discusses the methodology and considerations
involved in the numerical simulations of plasma-assisted fuel reforming, along with the kinetics of plasma assisted flare
gas reforming. The numerical results of flare gas reforming and its effect on flaring emissions and mixture reactivity are
presented in Sec. III, following which, the conclusions are summarized in Sec. IV.

I1. Methodology

A. Numerical methodology

An in-house zero-dimensional (OD) code [14, 15] for a homogeneous isobaric reactor is used to model the nanosecond,
repetitive pulsed non-equilibrium plasma discharges into the gas mixture. The plasma kinetics is handled by a OD plasma
kinetics code ZDPlasKin [16], whereas the combustion chemistry is solved using CHEMKIN-III [17] subroutines. A
detailed description of the solver can be found elsewhere in the literature [14, 18, 19]. In the present study, simulations
are performed considering a reduced electric fields (E/N) of 100 and 300 Td (1 Td = 10717 V cm?) and energy deposition
per pulse of 0.05 J/cm?, to achieve convergence. The maximum pulse duration is limited to 20 nanoseconds. Considering
a very short flow residence time in practical flare systems, the simulations are done at a high pulsing frequency of 100
kHz and the total number of pulsed discharges is fixed to 30 pulses, to maintain the conditions necessary for a diffuse
discharge [20]. The calculations are performed for an inlet gas temperature of 300 K and pressure of 1 atm.

B. Plasma kinetics

The plasma kinetics governs the chemistry of plasma-assisted reforming (PAR) of the flare gases. Plasma discharges,
resulting in the production of charged particles (electrons and ions) and various excited species, catalyze the production
of radicals in the system, thereby enhancing the reactivity and heat release [21]. In PAR systems, these electrons
and excited species aid in the decomposition of gas components to smaller radicals, promoting the formation of a
reformed reactive gas mixture [22, 23]. The plasma chemistry involves many new reaction classes such as electron
impact ionization, excitation, dissociative excitation, dissociative ionization, dissociation, de-excitation, attachment,
and recombination reactions [21]. These new classes of reactions governing the plasma kinetics can be coupled with
conventional combustion kinetics to construct the detailed PAR and oxidation chemistry [21, 23]. 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 previously intricate combustion kinetics. Adding to the challenges, often, there
exist a dearth in the availability of detailed plasma chemistry, even for the simplest of hydrocarbons.

The present study considers the electron-impact reactions of four major species (CH,, C,Hg, C3Hg, and N,) The
electron-impact reactions of the aforementioned species are obtained from different LxCAT online databases [24-27].
The N, chemistry consist of electron impact excitation (vibrational and electronic), dissociation, and ionization of N,.
Eight vibrational modes (N,(v; — vg)) and four electronic modes (N,(A), N»(B), N»(a’), and N,(C)) are considered for
N, excitation [15]. The plasma chemistry for the CH, sub mechanism is obtained from Mao et al. [19]. The mechanism
contains electron impact excitation (vibrational), dissociation, and ionization. Two vibrational modes (CH4(v,4) and
CHy(v,3)) are considered in this study. For the C,Hg and C3Hg sub-mechanism, two vibrational states each (CyHg(vo4)
and C,Hg(vq3) for C,Hg, and C3Hg(v) and C3Hg(v,) for C3Hg) are considered. In addition to these reactions, the
reactions among H,, CHy, and various C, and Cj species and intermediates with the excited states of N, and other
radical species are also considered for completeness from the literature [28] in the present work. Finally, the current
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Table 1 Different ground state species and the corresponding excited and charged species considered in the
current study

Ground state Excited states Charged derivatives
Na(vi), Na(va), Na(v3), Na(vy)
N N3(vs), Na(ve), Na(v7), Na(vg) N*, N;', N3", Ny
2

N3(A), Na(B), Ni(a), No(C), N(:P), N(;D)

- H*, H,", Hy"
H, 2, Hj
CH CH4(V24), CH4(V]3) C+, CH+, CH2+, CH3+, CH4+
4
CH CyHg(v24), CoHg(v13) C,H", CH;', CHS, CoHY', CoHy',
2o CH¢, CHF
C.H C;3Hg(vy), C3Hg(v,) H,C;H", C;H5', C3H,', C3HS', C3H',
3Hg

C3H7+, C3H8+, C4H2+, C4H3+, C4H5+

study considers electronic excitation of C; — C4 alkanes and the subsequent dissocaition of excited electronic state as a
single lumped reaction assuming ultra fast dissociation of the excited state. Table 1 lists the ground state species and the
corresponding excited and charged species considered in the present work.

C. Combustion kinetics

The reformed gas mixture is anticipated to contain H,, C,H,, C,H,, C3Hg, and C3Hy, in addition to the original
components of the flare gas. Thus, in order to simulate the flaring of the reformed gas mixture, it is vital to incorporate
the oxidation kinetics of the aforementioned components in the kinetic model. To achieve this, a comprehensive model
(Aramco mechanism 3.0) for the oxidation of Cy-C,4 [29] is chosen as the reference combustion kinetic mechanism
for small alkane oxidation. The Aramco mechanism is a detailed mechanism with 581 species 3037 reactions and
has been extensively validated for the kinetics of H,, CH,, various C; and C, components, propene (C3Hyg), allene
(C3H4—A), propyne (C3H,4—P), dimethyl ether (CH;0CHj;), isobutene (i-C4Hg), 1- and 2-butene (C4Hg-1 and C4Hg-2),
and 1,3-butadiene (C4Hg). Nevertheless, the original Aramco mechanism is complex and the large number of species
and accompanying reactions presents a formidable challenge in numerical simulations. Thus, it is necessary to reduce
the detailed Aramco mechanism to obtain a reduced Aramco model for the flare chemistry.

A global pathway selection-based reduction algorithm (GPS) [30] is chosen as the reduction methodology to reduce
the detailed Aramco mechanism. Ten different fuels (H,, CH,4, C,H,, C,H,, C,Hg, C3Hy-A, C3Hy-P, C3Hg, C3Hg, and
C4H,() are chosen as the reduction target fuels whose essential chemistry is sought to be retained. The reduction is
carried out considering a reference simulation dataset of OD isobaric ignition delays at different pressures (0.1, 1.0, and
10 atm), temperatures (800-1800 K), and equivalence ratios (0.5-2.0) so as to retain the relevant combustion chemistry
at the aforementioned thermodynamic conditions. Among different reduced versions, a reduced mechanism consisting
of 156 species and 1069 reactions is chosen as the flare combustion chemistry. This reduced Aramco mechanism is
then validated against the simulation dataset of the detailed Aramco mechanism to establish the chemical accuracy and
consistency of the reduced mechanism.

Figure 1 shows the comparison of ignition delay times between the detailed and reduced Aramco mechanism at 1
atm for target component fuels (CH4 and C,Hg) and at different equivalence ratios. A very good agreement between
the detailed and reduced mechanism (within 5% reduction tolerance) is observed between the reduced and detailed
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Fig. 1 Comparison ignition delays for the target fuels (CH, and C,Hg) between the detailed and reduced
mechanism at 1 atm. The symbols correspond to the simulated results using the detailed Aramco mechanism [29]
and the lines represent simulated results using the reduced Aramco mechanism. The results for ¢ = 1.0 and 1.5
are multiplied by 10 and 100 respecrively for clarity.

mechanism. Any further reduction was observed to reduce the accuracy of reduced mechanism, thereby resulting in
an error greater than 5%. Thus, the reduced Aramco mechanism at 156 species and 1069 reactions is considered as
the chemical kinetic mechanism for the oxidation of reformed flare gas. The flare combustion model derived from the
Aramco mechanism is then systematically appended with the plasma kinetic model from the present work to obtain a
coupled plasma-assisted reforming and combustion mechanism for flare gas reforming and oxidation.
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Fig. 2 Evolution of temperature for the plasma-assisted reforming of flare fas-N, mixture at a.) E/N = 100
Td (solid black line) and b.) E/N = 300 Td (dashed red line) using non-equilibrium plasma discharges in a 0D
isobaric reactor.

ITI. Results and Discussion
This section presents the numerical results of the plasma-assisted reforming of flare gas/N, mixture (ratio of 0.6:0.4)
and the impact of fuel reforming on the methane destruction and reactivity of flare gas. The flare gas considered in the
present study is a mixture of CHy4, C,Hg, C5Hg, and C4H( in a concentration ratio of 0.65:0.2:0.1:0.05. Two different
reduced electric fields (E/N) are utilized in calculations to understand the effect of different modes of excitations
(electronic and vibrational) on gas reforming.
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A. Plasma-assisted reforming at different E/N
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Fig. 3 Evolution of species number densities of flare gas components during plasma-assisted reforming of the
mixture at E/N = 100 Td (solid black line) and 300 Td (dashed red line) using non-equilibrium plasma discharges
in a 0D isobaric reactor.

To understand the effect of plasma in producing reactive species and enhancing the reactivity of the associated gas,
simulations are performed for nanosecond pulsed non-equilibrium plasma discharge in the flare gas mixture diluted
by N, (40% dilution) at two different reduced electric fields (E/N = 100 and 300 Td). Fig. 2 depicts the evolution of
temperature during the nanosecond pulses. At the end of plasma discharges, the mixture at 300 Td is found to achieve a
higher reformed gas temperature (~1050 K) when compared to reforming at 100 Td (~850 K). This higher temperature
at 300 Td can be attributed to the activation of electronic excitations and associated dissociations of different alkane
species (ultra-fast heating and radical production) as compared to the vibrational excitations at 100 Td.

In addition to the rise in temperature, the number densities of the flare gas components are observed to reduce
dueing plasma discharges. Figure 3 shows the evolution of number densities of the different flare gas species undergoing
plasma reforming. It can be observed that the number density of CH, (Fig. 3 (a)) falls from ~ 1 x 10'° to ~ 3 x 10'®
(about 70% drop) at the end of plasma discharge (3 x 10™* s). This drop represents the reduction in available quantity
of CHy, species before flaring, which can significantly reduce the amount of unburnt CH, emissions. Moreover, the
increased temperatures equate to an increased reactivity of the gas mixture, thereby promoting fuel cracking, reducing
the amount of available CH, in the gas mixture before flaring. Figure 3 (b, c, and d) also portrays the evolution of C,Hg,
C;Hg, and C4H;(, where, a similar phenomena is observed. Despite the flare gas being reformed at both 100 and 300 Td,
the latter case if found to impart a higher level of flare gas reduction (30-60% more drop in number densities) compared
to the former.
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Fig. 4 Evolution of species number densities of other reactive species (H,, C;H,, C;Hy, and C3;Hg) during
plasma-assisted reforming of the mixture at E/N = 100 Td (solid black line) and 300 Td (dashed red line) using
non-equilibrium plasma discharges in a 0D isobaric reactor.

Figure 4 shows the production of different reactive species effected by plasma discharges at both 100 and 300 Td.
From Fig. 4 (a), it can be observed that at 300 Td, H, number densities are significantly higher (~4x) compared to that at
100 Td. Similar observations are made for other reactive species (see Fig. 4 (b, c, and d)) C,H, (~10x), C,Hy4 (~2x), and
C3Hg (~4x). The presence of H, in the associated gas mixture will result in reduced emissions of hydrocarbons such as
aldehydes (CH,O and CH;CHO) and also lowers the production of soot due to the prominence of low carbon reaction
pathways facilitated by H, [31]. Besides, the presence of H,, C,H,, and other reactive species can result in increased
adiabatic flame temperatures and laminar flame speeds of the gas mixture [31, 32], which can affect to improve the
reactivity and reduce the flare emissions due to unburnt gases. Thus reforming at higher reduced electric fields (E/N =
300 Td), is observed to impart a improved level of reforming and higher gas temperatures.

B. Global pathway analysis of plasma-assisted reforming

To understand the increased reforming at higher E/N, a plasma-based global pathway analysis (PGPA) [13] is
performed to identify the reforming channels during the plasma pulse. Table 2 shows the major reforming pathways
and prominent excitation and de-excitation channels (cycles) for the production of variuos reactive species (H,, C,H,,
C,H,, and C3Hg) at 100 Td. The global pathways and cycles are identified based on the quantification of radical
production rates (of H, CHj, etc.) produced through the respective pathway/cycle. From Table 2, it can be observed that
the pathway CH4 - CH4+ - C2H4+ - C2H5+ - C2H6 - CH3 - C3H8 - C2H5 - C2H4 results
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Table 2 Global pathways and cycles governing the production of reformed mixture based on radical production
rate for the nanosecond discharge plasma reforming of flare gas mixture at 100 Td.

Reformed Global pathways/cycles Radical production
species rate (mol/cm?3s)

CH4 - CH3 - C3H8 - C2H5 - C2H4 - C2H5+ - 0.00034

C.H, — H,

Hy C,Hg —> CHy — C,Hs — C,H, — H, 0.00045
CHy — C,Hs — C,H, — C,H — CH —» 0.00021
CHg — Hy
CH, — CH; — C,Hy —> C,Hy —> CH; —> C3Hg —  0.00077
C.H; — CH, — G,H,

Caoty C.H, — CHy —= C;Hg — C,H; — C,H, — C,H, 0.00077
CiHy — C,H; — CH, — C,Hj — C,Hi — 0.00021
CHg — H,
CH, — CH; — C,H; — C,Hy — C,Hy — CH; —  0.00096
CiHy — C,Hg —= C,H,

CoHy C,Hy, — CH; —= C;Hg — C,H; — C,H, 0.00087
CiHy — C,Hs — CH, — CH;' — C,Hj — CHS —  0.00043
C,H, — CH; — C,H,
CH, — CH;/ — C,H{ — C,H, — CH; — C,H, —  0.00081
C,Hj —= C,Hg —> C3Hg —> CiH,—1 —> C3H,

CsHs C,H, — C,Hs — C,H, — C,H; — CiHi —» 0.00029
CiHs—A — CH, —> CH; —» C3Hg —> CsH,—1 —> C3Hg
CiHy — C,Hg —= C,H, — C,Hy — CH, 0.00041
Cycles assisting reforming
N, —= Ny(B) —= Ny(A) — N, 0.00083
N, — Ny(B) — N, 0.00028
N, — Ny(A) — N, 0.00027

in the highest radical radical production of ~0.001 mol/cm?®s. Moreover, the cycles assisting reforming and radical
production involve the electronic excited states of N, (N, —> Ny(B) — Ny(A) — N,) with a maximum radical
production rate of ~0.0008 mol/cm?s. However, at 300 Td (see Table 3), global pathways and cycles for the production of
reformed species exhibit significantly boosted radical production rates (3 orders of mignitute higher). The major radical
producing cycle at 300 Td is found to be N, —> N,(C) —> N, (~ 0.1 mol/cm?s), an electronic excitation-deexcitation
cycle as was the case for 100 Td. Nevertheless, the higher reduced electric field contributes a significant portion of the
deposited plasma energy to electronic mode as compared to 100 Td, thereby elevating the radical production at 300 Td.
Similar to cycles, the first step of global pathways often involve an electron-impact reaction to produce a radical
(CH;, C,Hs, etc.) or charged species (CH5', CH,', C,H<', etc.). These rates of such electron impact reactions
significantly depend on E/N and deposited plasma energy. As E/N is increased to 300 Td, the prominence of these
electron impact dissociation (e.g. E + CH; —= E + CHj + H) and ionization reaction (E + CH; — ,E + CH;")
increases, resulting in improved reforming. This is evident from global pathways depicting orders of magnitude
higher radical production rates (highest being 0.46 mol/cm?’s through C,H, — CH; — CH;* — CH,; —
C,H) — C3H;" — C3Hs—A — C3Hg) compared to 100 Td. In addition, the contribution of charged species in
global pathways are found to increase at higher E/N, bolstering the ability to produce further radicals. Once the radical
pool and charged species are generated, the production of reformed species (H,, C,H,) are found to be effected by
subsequent H-abstractions (e.g. C,Hs — C,Hy, C,H;” —= C,H,) and radical-radical recombinations (Je.g. H —=
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Table 3 Global pathways and cycles governing the production of reformed mixture based on radical production
rate for the nanosecond discharge plasma reforming of flare gas mixture at 300 Td.

Reformed Global pathways/cycles Radical production
species rate (mol/cm?3s)

CH4 - CH3+ - CH4+ - C2H4+ - C2H5+ - C2H6 - 0.31
CH3 _— CH2+ - H2
H,

C2H6 —_— CH3 - CH3+ - CH4+ - CH4 — H — H2 0.31
C3H8 - C2H5 - C2H4 - C2H5+ - C2H6 - CH3 - 0.2
CH2+ - H2
CH4 - CH4+ —_— C2H5+ - C2H6 - CH3 - CH2+ - 0.28
C2H4+ - C2H5 - C2H4 - C2H2

Caoty C.H, — CH; — CHf —» CHj — G,H; — C,H, 0.34
C3H8 - C2H5 - C2H4 - C2H6 - CH3 - CH3+ - 0.27
CH4+ - C2H4+ _— C2H2
CH4 - CH4+ - C2H4+ - C2H5+ e C2H6 - CH3 - 0.36
C3H8 - C2H5 - C2H4

C2H4 C2H6 - CH3 - CH3+ - CH4+ - C2H4+ - C2H5 - 0.44
C,H,
C3H8 - C2H5 - CH4 - CH3 - CH3+ - CH4+ - 0.13
CHy — CHs — CHg — GH,
CH4 — CH4+ — C2H5+ —— C2H6 — CH3 I CH2+ I 0.3
C2H4+ - C2H5 - C3Hg - C3H8+ - C3H6

C3Hg

C2H6 - CH3 - CH3+ - CH4+ - C2H4+ - C3H7+ - 0.46
C3H5—A - C3H6

C3H8 - C2H5 - C2H4 - C2H6 - CH3 - CH3+ - 0.35
CH4+ - C2H4+ - C:3H7+ - C3H54A - C3H6

Cycles assisting reforming

N, — Ny(B) — Ny(A) — N, 0.018
N2 - Nz(C) - N2 0.1

Hz, C3H54A - C3H6).

In addition to the improved number densities of reformed species (see Fig. 4), a higher gas temperature was also
observed to be effected at 300 Td (see Fig. 2). To delineate the higher heating at 300 Td, it is necessary to investigate
the gas heating imparted by various pathways and cycles. Table 4 portrays the global pathways and cycles governing
the gas heating of the flare gas mixture at 100 and 300 Td. At 100 Td, the major gas heating cycle is observed to be
N, — Ny(B) — Ny(A) — N, (841 W/cm?). The next cycle involves the vibrational cascade of N, (N, —>
Na(vg) — Na(v7) —> Na(vg) —= Na(vs) —> Na(vy) —> Ny(v3) —> Ny(v) —> Ny(vy) —> Ny), imparting
a gas heating of 615 W/cm?®. Similar values of heating are found to be bestowed by global pathways (C,Hs —>
C,H, — C,H; — C3Hg, 239 W/cm?) at 100 Td. However, as E/N is increased to 300 Td, the electronic excitation
cycles of N, alone plays the major role in gas heating, with N, — Nj(a’) — N, (150,436 W/cm?) releasing about
three orders of magnitude large heat release as compared to 100 Td. Similarly high numbers can also be observed with
other cycles and global pathways at 300 Td. This significantly high heat release is a consequence of more energy being
distributed to electronic mode compared to vibrational modes. In addition, the improved radical production at 300 Td
can result in the activation of additional heat release reactions, which would not be possible in the absence of high E/N
plasma discharges.
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Table 4 Major heat releasing cycles and global pathways governing the production of reformed mixture by
nanosecond discharge plasma at 100 and 300 Td.

Reduced elec- Global pathways/cycles Heat release
tric field (Td) (W/em?)
Cycles
N, — No(B) — Ny(A) — N, 841
100 Ny — Na(vg) — Na(vy) — Na(ve) —> Nap(vs) —> Na(vy) —> 615
No(v3) — Np(va)) — No(v)) — Np
CyHg — CGyHg(vi3) —= CoHg(vay) — CyHg 108
Global pathways
CH, — CH; — C,H;¢ — C,H, — CH;) — C3H; — C3Hs—A — 266
C3Hg
C,Hy — C,H; — C,H; — C3Hg 239

CH4 - CH4+ - C2H4+ - C2H5 - C3H8 - C3H7—I - C3H6 - 210
CH3 - C2H6 - C2H4

CH4 - CH4+ —_— C2H4+ - C2H5 - C3Hg - C3H7_I - C3H6 - 204
CH3 - C2H6 - C2H4 - C2H2

Cycles

N, — Ny(@) — N, 150436
300 Ny — Ny(©) — Ny@) — N, 53770

Ny, — No(C) — N, 44305

N, — Ny(B) — Ny(A) — N, 20816

Global pathways

CH, — CH; — CH;* — CH;' — C,Hs" — C,Hy — C,H, — 73007

CHy — C3H;" — C3Hs5—A — C3H,

CH, — CH; — CH;" — CHf — GCH, — C,Hs” — C,Hy — 70602

C,H,

CH, — CH; — CH;* — CH; — C,H, — C,Hs" — C,Hy — 60170

CH; — C,H,

C,Hy — C,H, — C,Hj — C3H;" — C3Hs—A — C;3H;, 48545

C. Effect of plasma-assisted reforming on reactivity

To perceive the importance of plasma-assisted fuel reforming in improving the reactivity of flare gas mixtures, 0D
homogeneous isobaric ignition delay simulations are performed at ¢ = 1.5 and atmospheric pressures for the original
flare gas and reformed mixtures at 100 and 300 Td (see Fig. 5). At the lowest temperature (800 K), the flare gas mixture
ignites at about 8.2 seconds, while the reformed gas mixtures at 300 and 100 Td are observed to ignite much faster (5
and 6.2 seconds respectively). This amounts to 24% and 40% faster ignition delays, a significant improvement to the
reactivity at low temperatures [33], thereby, suggesting the significance of plasma reforming in aiding the flaring at low
temperature scenarios (heat loss during winter). Overall at different gas temperatures, the reformed gas mixture exhibits
improved reactivity in an order 300 Td > 100 Td > Original gas.

Figure 6 shows the variation of adiabatic flame temperatures and equilibrium mole fractions of CH, at different
initial mixture temperatures for the reformed (300 Td) and original flare gas mixtures. From Fig. 6 (a), it can be
observed that reformed gas mixture exhibits an overall improved flame temperatures (10-20 K higher) compared to
original mixture. The reformed mixture is also shown to exhibit reduced equilibrium CH, levels (5-10% reduction)
compared to the flare gas (see Fig. 6 (b)). Further increase inadiabatic flame temperatures and CH, destruction can be
achieved by either increasing the plasma energy deposition or reduced electric field, thereby activating new electronic
modes of excitations and dissociation reactions to aid in reforming the gas mixture.
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Fig.5 Comparison of ignition delay times of the reformed (dotted lines) and original flare gas mixture (solid
line) at ¢ = 1.5 in a homogeneous batch reactor.
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Fig. 6 Variation of a.) adiabatic flame temperatures and b.) equilibrium mole fractions of CH, at different
initial mixture temperatures for the reformed (dashed magenta lines) and original flare gas (solid black lines)
mixtures.

To summarize, plasma-assisted flare gas reforming is found to promote gas reactivity and improved levels of CH,
destruction at low temperatures, owing to the activation of electronic states and their reactions. Further improvements in
reactivity and CH, destruction is possible by simply operating the plasma reforming at higher discharge voltages and
smaller gap distance between electrodes, facilitating a higher reduced electric field.

IV. Conclusion and Future Work

The plasma-assisted fuel reforming of associated gas mixtures (CH4/C,H¢/C3Hg/C4H;o/diluent) has been numerically
probed into using an in-house 0D code for nanosecond pulsed non-equilibrium plasma discharges. A detailed combustion
chemistry for smaller alkanes (Aramco Mechanism 3.0) has been systematically reduced and coupled with the plasma
chemistry of different alkanes and N, from the literature. The coupled plasma-assisted reforming and combustion
mechanism was used to simulate fuel reforming of flare gas/N, mixture affected by nanosecond pulsed non-equilibrium
plasma discharges. The results showed appreciable production of reactive fuels such as H,, C,H,, and C,Hy, in addition
to the increased temperature of the gas mixture. Reforming at a higher reduced electric field was found to promote
improved reforming, mixture reactivity, and increased CH, destruction when compared to reforming at a lower reduced
electric field. In particular, the reformed mixture exhibited improved reactivity at low temperature conditions, asserting
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the usefulness of plasma-assisted fuel reforming for reactivity at colder conditions.

The present work is the foremost in investigating the ability of plasma reforming in improving flare gas reactivity
and subsequent emission control at adverse conditions. The current study will be followed up with a comprehensive
investigation of flare gas reforming and flaring emissions at different physical conditions and fuel mixtures, paving a
foundation for further detailed reactive flow computations.
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