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Next, a robust and e�cient framework for simulating NSPD in multiple dimensions is

developed. The reactive Navier-Stokes equations are extended to include a drift-di�usion

plasma-fluid model with a local field approximation (LFA) in a finite-volume solver, which uses

an adaptive mesh refinement (AMR) strategy to address the wide separation of length scales in

the problem. A two-way coupling strategy is used whereby the plasma-fluid model and reactive

Navier-Stokes equations are integrated simultaneously. The oxidation of ethylene/air mixtures

mediated by NSPD is simulated in a pin-to-pin configuration. All phases of the plasma discharge

are simulated explicitly (including streamer ignition, propagation, and connection, as well as the

subsequent spark phase), along with the evolution of the plasma during the inter-pulse period.

Temporally and spatially-resolved results are presented, with an emphasis on the analysis of

heating and energy deposition, as well as of the evolution of the concentration of active particles

generated during the NSPD and their influence on ignition.

I. Nomenclature

d = density
u = bulk gas velocity
? = pressure
⇧ = di�usive transport flux for momentum
g = gravitational acceleration
* = Total energy density
§l: = production rate of species :
Q = di�usive transport flux for energy
ve� = e�ective velocity
.: = mass fraction of species :
F: = di�usive transport flux for species :
I: = charge number of species :
K = electric field
`: = mobility of species :
q = electric potential
4 = unit charge
Y0 = vacuum permittivity
d2 = space charge density
(?⌘ = photoionization source term
(
9
?⌘ = photoionization solution component 9

?@ = quenching pressure

�Graduate Research Assistant, Department of Aerospace Engineering, The University of Texas at Austin.
†Graduate Research Assistant, Department of Aerospace Engineering, The University of Texas at Austin.
‡Professor, Department of Aerospace Engineering, The University of Texas at Austin.
§Researcher, The National Renewable Energy Laboratory.
¶Group Manager III, The National Renewable Energy Laboratory.

1

D
ow

nl
oa

de
d 

by
 "U

ni
ve

rs
ity

 o
f T

ex
as

, A
us

tin
" o

n 
Ju

ne
 2

1,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
23

-2
38

5 

 AIAA SCITECH 2023 Forum 
 23-27 January 2023, National Harbor, MD & Online 

 10.2514/6.2023-2385 

 Copyright © 2023 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved. 
 

 AIAA SciTech Forum 



(8>= = ionization rate
 = photoionization rate function
_ 9 = fitting parameter for photoionization solution component 9
� 9 = fitting parameter for photoionization solution component 9
?$2 = partial pressure of oxygen
�:,G = boundary flux for species :
=: = number density of species :
W = secondary electron emission coe�cient
Ē = electron thermal velocity
:⌫ = Boltzmann constant
)4 = electron temperature
<4 = electron mass
⇢G = electric field component normal to the boundary
⇢/# = reduced electric field

II. Introduction

Plasma-assisted ignition (PAI) has emerged in recent years as a promising alternative to traditional ignition [1],
relying on the use of low-temperature plasmas (LTP) in place of spark discharges. In particular, nanosecond pulsed
discharges (NSPD) have found use in a number of areas due to their ability to enhance ignition and combustion under
severe conditions (i.e. ignition of lean and diluted mixtures in internal combustion engines and ultra-lean gas turbines
[2–7], supersonic combustion [8, 9]), actuate flow in supersonic environments [10], and promote fuel reforming [11].
The benefits imparted to such systems include thermal heating e�ects, kinetic enhancements (for instance generation of
combustion radicals such as O, H, and OH), and modification of transport properties [12].

NSPD are characterized by an electron temperature that may far exceed the gas temperature )4 � )6, along with
high applied voltages O(1-100 kV) and reduced electric fields O(100-1000 Td), and short durations O(1-10 ns) [13].
Under such conditions, electrons may attain a mean energy O(1-10 eV), and subsequent collisions with neutral air and
hydrocarbon fuel particles may result in the generation of excited species and ions. Of particular importance are the
electron collision processes that result in the formation of electronically excited species, which can e�ciently generate
combustion radicals and promote “fast-heating” [14] of a gas mixture (occurring over tens of nanoseconds), upon
relaxation. Also important are electron impact dissociation processes, which directly generate combustion radicals and
break down hydrocarbon fuel species, along with electron impact ionization, which is responsible for the creation of
additional electrons and ions. The generation of and subsequent relaxation of vibrationally excited species is primarily
responsible for “slow-heating” occurring over O(1-10 `s) [15], and may also be of importance when multiple plasma
pulses are considered.

Such pulses are often applied between two pin electrodes, resulting in the ignition and subsequent propagation
of a plasma streamer, once the applied voltage and resulting electric field are su�ciently strong. Streamer ignition
begins near the electrode tips, where the electric field is strongest, forming a cathode-directed positive streamer near the
anode, and an anode-directed negative streamer near the cathode. The streamers propagate towards the center of the gap
with speeds up of O(105 � 107 m/s) , leaving a near-homogeneous channel of charge-neutral plasma in its wake, with
elevated temperature and populations of radicals and excited species. Pulses may be applied until the temperature and
radical populations are su�ciently high that an ignition event occurs.

Major e�orts have been made over to past few decades to better understand and model the broad problem of plasma-
assisted combustion. Several experimental studies have focused on developing more accurate kinetics mechanisms
describing the interactions of LTP with common hydrocarbon fuels [16–22]. The simulation of streamers in air has also
been extensively studied in 2D [23–25], with limited results in 3D as well [26–29]. Numerical studies of PAI in multiple
dimensions exist [30, 31], but often rely on simplified kinetics mechanisms and modeling, and use of axisymmetric 2D
domains.

This paper seeks to address these limitations by conducting temporally and spatially-resolved axisymmetric
simulations of the ignition of application-relevant hydrocarbon/air mixtures via multiple NSPD. First, the ignition and
propagation of streamers in air is studied in 3D, using the AMR compressible code PeleC/AMReX. The plasma sheath is
characterized, and computational costs are assessed. Finally, the reduced plasma ignition mechanism is used to simulate
the ignition of an ethylene/air mixture in 3D.
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III. Numerical Model

A. Governing equations

Simulations of the plasma-assisted ignition of ethylene/air mixtures in a pin-to-pin gap are conducted using the
reactive Navier-Stokes equations extended to include a drift-di�usion plasma fluid model using two-way coupling, and
joule heating e�ects. The temporal evolution of density, momentum, total energy density, and species mass fractions are
modeled as

md

mC

= �r · (du) (1)

mdu

mC

= �r · (duu � ?I +⇧) (2)

m*

mC

= �r · (u* + ?u) + r ·Q + 4=4`4K · K (3)

md.:

mC

= �r · (d(u + I:`:K).:) � r · F: + d §l: . (4)

Transport equations are modeled for the density d, momentum du, total energy density d*, and individual species
mass densities d.: . Di�usive fluxes for the momentum, energy density, and species mass densities are given as ⇧, Q,
andF: , while ? and §l: represent pressure and production of species : . Transport coe�cients (viscosity, di�usivity, and
thermal conductivity) are calculated following Ern and Giovangigli approximations [32]. The velocity of the charged
species is calculated as the sum of the bulk velocity u, and the drift velocity I:`:K, where I: and `: are the charge
number and mobility of species : , and K is the electric field. The electric field is obtained from solving the Poisson
problem for the electric potential q

�q = �
1
Y0

d2, (5)

where the charge density d2 = 4

Õ
: I:=: , and Y0 is the vacuum permittivity.

Important electron properties, such as the mobility `4, di�usivity D4, temperature )4, and various rate coe�cients
are evaluated as functions of the reduced electric field ⇢/# , assuming a local field approximation (LFA) [33]. These
quantities have been parameterized as functions of the reduced electric field using data obtained from BOLSIG+
[34]. The BOLSIG+ calculation for electrons in air (modelled as 21% by volume oxygen and balancing nitrogen) was
performed using and cross section data from the Morgan database obtained from LXCat [35]. Photoionization e�ects
are modeled using the Zheleznyak approximation [36], and solved using a three-term Helmholtz approximation [37, 38].
It was found in [39] that the presence of hydrocarbons (such as methane) shortens the length of photon propagation,
impacting photoionization e�ects and thus streamer behavior. The impact of such e�ects on properties such as the
streamer ignition time and propagation speed are modest, and are ignored in this work.

The joule heating term is calculated using the unit charge 4, the electron number density and mobility =4 and `4, and
electric field K. It is thus assumed that joule heating is primarily driven by the electric field-induced drift of electrons.
This is a reasonable assumption, as the transport of ions is slower by several orders of magnitude, due to their much
larger size relative to the electron. The di�usion of electrons is also neglected in evaluating the joule heating, as the
strong electric fields present during a streamer discharge ensure that drift processes dominate over di�usion. Consistent
with the LFA, the electron energy/temperature is a function of the local reduced electric field, and is not modeled
separately from the gas energy, as in a local mean energy approximation (LMEA) [40]. It follows that energy gained by
the electrons through joule heating e�ects during the pulse increases the gas energy density instantaneously, which is an
approximation. Our previous study [41] conducted using a LMEA demonstrated that for the conditions considered in
this paper, pulse energy is first delivered primarily to the electrons. Electrons then transfer energy to the gas through
collisions over time scales O(10 ns). As this study is concerned with time scales relevant to ignition and combustion, it
is assumed that the error incurred by assuming instantaneous energy deposition is negligible.

A three dimensional domain with electrodes arranged in a pin-to-pin configuration is used for all simulations,
conduced using the compressible flow solver PeleC, which uses the adaptive mesh refinement library AMReX [42]. The
anode (driven) and cathode (grounded) are located at the top and bottom of the domain, respectively. The pins are
modeled as paraboloids, defined by a pin height (fixed at 1.25 mm) and a radius of curvature at the pin tip A2 = 50 `m,
and a gap length ✓ = 2.5 mm defined as the distance between the pin tips. Nanosecond pulsed discharges (NSPD) are
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Fig. 1 Electrode configuration; electrode surfaces are represented with solid lines, while far-field boundaries

are shown with dotted lines.

applied with a frequency 5 in order to heat and pressurize the electrode gap region. Each nanosecond discharge is
simulated using a time-varying sigmoid voltage signal

q(C) = qmax
⇥
f(C � X, _) + f(C � X � )? � )A ,�_) � 1

⇤
, (6)

f(C, _) =
1

1 + e�_C
. (7)

Pulse parameters are held constant for all simulations considered, with pulse delay and pulse rise and fall time X = )A = 2
ns, pulse plateau time )? = 1 ns, and scaling factor _ = 8/)A .

A schematic of the domain is provided in figure 1. In addition to the pins, the top and bottom domain boundaries
are treated as electrode surfaces, while the domain boundaries in the span-wise directions are treated as far-field
boundaries. Dirichlet conditions are applied for the electric potential at all electrode surfaces, while homogeneous
Neumann conditions are applied for charged particles. The pin surfaces are assumed to be adiabatic. Gradients normal
to the far-field domain boundaries vanish for all quantities of interest.

B. Electrode surface modeling

Boundary conditions for electrons and ions are taken from [43], marking a modest departure from the conditions
typically used in streamer simulations, and are summarized here (assuming, for simplicity, a domain with boundaries
oriented in the G direction).

Construction of the boundary conditions follows a “two-stream approximation” [44, 45], which considers both a
particle flux directed from the plasma to the wall, and a flux directed from the wall to the plasma. From there, an
expression for the electron flux at the electrode boundary (�4,G) is given as

�4,G =
=4

2
Ē � 2W�8,G , Ē =

r
8:⌫)4
c<4

, (8)

where Ē is the electron thermal velocity, calculated using the electron temperature and mass ()4 and <4), along with the
Boltzmann constant :⌫. Thus, electrons are lost to the electrode boundary through the electron thermal velocity term,
and are emitted from the electrode through the secondary electron emission process, dependent on the ion flux to the
electrode �8,G , and the secondary electron emission coe�cient (SEEC) W.
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Plasma Species

Vibrational: N2(v1), N2(v2), N2(v3), N2(v4), N2(v5)

Electronic: N2(A3⌃), N2(B3⇧), N2(C3⇧), O2(a1�), O2(b1⌃), O(1D)

Charged: E, N2
+, O2

+, O2
– , O–

Table 1 Plasma species included in the kinetics mechanism used in this study.

Next, the case of a positive ion is considered, assuming the presence of a strong electric field. Omitting the details,
it is shown that the positive ion flux is

�8,G =

(
=8+3,8 , if ⇢G � 0

0, otherwise.
(9)

An analogous set of conditions can be derived for negative ions, reversing the sign of the electric field. These conditions
can be succinctly summarized by noting that if the component of the ion drift velocity normal to the electrode boundary
is directed from the plasma to the wall, the ion flux is nonzero and driven by the drift velocity. The ion flux at the
electrode surface is zero otherwise. For all charged particles, a zero gradient is assumed at all other domain boundaries.

For the electric potential q, the applied voltage q(C) acts as a Dirichlet condition for the driven electrode (in this
case the anode), while the grounded electrode (the cathode) uses a zero Dirichlet condition. As before zero gradient
conditions are assumed at all other boundaries.

C. Chemical kinetics models

The kinetics mechanism used in [41] and reduced in [46] is used, and describes the plasma-assisted oxidation of
ethylene. The original mechanism was comprised of reactions describing plasma processes [19], coupled with the
combustion mechanism of [47], and contained 163 species and 1167 reactions, while the reduced mechanism used in
this study includes 57 species and 243 reactions. The mechanism includes 5 charged species and 11 excited species
(summarized in table 1), and reactions that describe elastic and inelastic collisions between electrons and air/fuel species,
resulting in vibrationally and electronically excited air species, dissociation, ionization, and electron-ion recombination.
The mechanism from the previous studies has been expanded to include negative ions (O2

– and O– ), and reactions
describing electron attachment and detachment, as well as ion-ion recombination. These reactions are summarized in
table 2.
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Rxn. No. Reaction Fit type � (cm, s, K, Td) V XY (eV) Ref.

Vibrational excitation
R1 E + N2 ! N2(v1) + E Janev 4.4⇥10�9 – 0.29 [19]
R2 E + N2 ! N2(v2) + E Janev 2.6⇥10�9 – 0.59 [19]
R3 E + N2 ! N2(v3) + E Janev 1.8⇥10�9 – 0.88 [19]
R4 E + N2 ! N2(v4) + E Janev 1.1⇥10�9 – 1.17 [19]
R5 E + N2 ! N2(v5) + E Janev 8.9⇥10�10 – 1.47 [19]

Electronic excitation
R6 E + N2 ! N2(A3⌃) + E Janev 1.8⇥10�10 – 6.17 [19]
R7 E + N2 ! N2(B3⇧) + E Janev 2.1⇥10�9 – 7.35 [19]
R8 E + N2 ! N2(C3⇧) + E Janev 5.5⇥10�9 – 11.03 [19]
R9 E + O2 ! O2(a1�) + E Janev 9.6⇥10�10 – 0.98 [19]
R10 E + O2 ! O2(b1⌃) + E Janev 2.3⇥10�10 – 1.63 [19]
R11 E + O ! O(1D) + E Janev 3.4⇥10�9 – 1.97 [19]

Impact dissociation
R12 E + N2 ! 2N + E Janev 3.4⇥10�8 – 13.00 [19]
R13 E + O2 ! 2O + E Janev 5.9⇥10�10 – 4.50 [19]
R14 E + O2 ! O + O(1D) + E Janev 1.8⇥10�9 – 6.00 [19]
R15 E + O2 ! 2O(1D) + E Janev 3.1⇥10�8 – 8.40 [19]
R16 E + C2H4 ! C2H3 + H + E Janev 3.7⇥10�9 – 3.80 [19]
R17 E + C2H2 ! C2H + H + E Janev 7.6⇥10�9 – 1.91 [19]
R18 E + H2 ! 2H + E Janev 3.9⇥10�9 – 8.90 [19]

Ionization
R19 E + N2 ! N2

+ + 2E 5 (⇢/# ) 3.3⇥10�8 – 15.60 [48]
R20 E + O2 ! O2

+ + 2E 5 (⇢/# ) 3.9⇥10�8 – 12.06 [48]
Electron attachment

R21 E + O2 + M! O2
– + M 5 ()4) – – – [49]

R22 E + O2 ! O + O– FIT1 8.1⇥10�12 – – [50]
R23 E + O2(a1�) ! O + O– FIT1 8.7⇥10�11 – – [50]
R24 E + O2(b1⌃) ! O + O– FIT1 2.3⇥10�11 – – [50]

Charge transfer and electron detachment
R25 O– + O2 ! O + O2

– Janev 1.6⇥10�11 – – [51]
R26 O2

– + O2 ! E + 2O2 FIT1 4.2⇥10�10 – – [51]
R27 O– + O2 ! E + O2 + O FIT1 1.2⇥10�9 – – [51]
R28 O– + N2 ! E + N2 + O FIT1 2.2⇥10�12 – – [51]

Electron-ion and ion-ion recombination
R29 E + N2

+
! 2N Arr. 4.9⇥10�5 -0.5 – [19]

R30 E + O2
+
! 2O Arr. 6.0⇥10�4 -1.0 – [19]

R31 O2
– + O2

+ + M! 2O2 + M Arr. 3.1⇥10�19 -2.5 – [49]
R32 O– + O2

+ + M! O + O2 + M Arr. 3.1⇥10�19 -2.5 – [49]
R33 O2

– + N2
+ + M! O2 + N2 + M Arr. 3.1⇥10�19 -2.5 – [49]

R34 O– + N2
+ + M! O + N2 + M Arr. 3.1⇥10�19 -2.5 – [49]

Table 2 Summary of reactions involving electrons and ions.

The vibrational and electronic excitation, impact dissociation, and ionization forward rate coe�cients are functions
of the electron temperature )4, and are fit using the Janev functional form available in CHEMKIN, given as

: 5 = �)
V
4 exp

©≠
´
⇢8

)4

9’
9=1

1 9 (ln)4) 9
™Æ
¨
. (10)

The two-body electron attachment and charge transfer and electron detachment functions are also functions of )4, and
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are fit using the FIT1 functional form available in CHEMKIN, given as

: 5 = �)
V
4 exp

©≠
´

4’
9=1

1 9

)
9
4

™Æ
¨
. (11)

The electron-ion recombination rate coe�cient follows the standard Arrhenius form, and the remaining rate coe�cients
in table 2 are taken from [49]. The mechanism also describes the quenching of vibrationally and electronically excited
species, which are associated with fast [14] and slow [15] heating processes, respectively.

D. Numerical methods

To resolve sharp gradients in the solution (for instance in the streamer head, and near the electrode tips), grid spacing
O(1 `m) is required. As these regions are typically limited to a very small percentage of the overall domain, the adaptive
mesh refinement (AMR) library AMReX [42] is used to increase the grid resolution in these regions only. A base coarse
mesh consisting of cells with a grid spacing � = 156 `m in each direction is defined on the entire domain. A hierarchy
of successively finer grids are used to resolve steep gradients in the solution, with up to 7 additional levels of refinement
(with a refinement factor 2) utilized (resulting in �min = 1.25 `m).

Refinement criteria are defined based on the gradients in the reduced electric field ⇢/# , temperature ) , and pressure
?. Cells are tagged for refinement at a given level when the absolute value of the finite di�erence between adjacent cells
exceeds a user-specified threshold. For the atmospheric cases discussed in the remainder of this chapter, �⇢/# = 50
Td, �) = 100 K, and �? = 0.05 atm. These parameters ensure su�cient resolution of the propagating streamer head
and resulting plasma channel, as well as the heated and pressured hot spots that form near the electrode tips, and the
subsequent shock waves. The pin surfaces are represented using an embedded boundary (EB) approach [52], with a state
redistribution scheme [53] used to resolve the small cut cell problem. In order to ensure the EB geometry is resolved
adequately, cells that intersect with the surfaces of the electrodes are also tagged for refinement, up to the highest level.

Due to their small mass, time step size constraints are largely driven by the electron dynamics. Specifically, the
electron drift Courant-Friedrichs-Lewy (CFL) condition and dielectric relaxation time scale (which is associated with the
coupling between changes in the space charge density and electric field) control the stable time step size XC. Following
[54], XC is calculated as

XC = min(0.3 XC�, 5.0 XC⇢), (12)

XC� = min
✓

�
|v |e�,4

◆
, (13)

XC⇢ = min
✓

Y0

4`4=4

◆
, (14)

where XC� and XC⇢ represent the electron drift and dielectric relaxation time scale constraints, and minimization occurs
across the entire domain and all AMR levels. The coe�cient of 0.3 di�ers from the original study, driven by requirements
of the MOL strategy. The factor of 5.0 is larger by an order of magnitude as well, due to the semi-implicit handling of
the Poisson equation[55].

Advection of the conserved variables ([) is discretized using a Godunov scheme with characteristic extrapolation to
the cell faces, and a Riemann solver. Di�usive sources are discretized using a second-order centered approach, and
transport coe�cients based on Ern and Giovangigli approximations [32]. Time advancement uses a predictor-corrector
approach, whereby the advective and di�usive sources Y�⇡ are calculated multiple times in order to construct an
approximation to the conserved variable[⇤⇤

Y=
�⇡ = �([=

) + ⇡ ([=
) (15)

[⇤ = [=
+ �C (Y=

�⇡ + 8A ) (16)

Y=+1
�⇡ = �([⇤

) + ⇡ ([⇤
) (17)

[⇤⇤ =
1
2
([=

+[⇤
) +

�C
2
(Y=+1

�⇡ + 8A ), (18)

where � and ⇡ represent the advective and di�usive operators, while 8A is a time-lagged reactive source. From here, an
advective/di�usive forcing term is calculated

L�⇡ =
1
�C

([⇤⇤
� u=

) � 8A , (19)
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after which the solution at the next time step is obtained by integrating[= with L�⇡ and the reactive sources until time
= + 1 using CVODE [56]. The time-lagged reactive source term is then updated for the next time step

8A =
[=+1

�[=

�C
� L�⇡ . (20)

The time advancement strategy is summarized in algorithm 1.

Algorithm 1 PeleC advancement framework

1: procedure A������([(d, du,*, =:))
2: while C < Cout do

3: K=+1 = �rq
=+1

ù Applied voltage q0?? at anode, semi-implicit approx.
4: (?⌘ = (?⌘ ([=

) ù Calculated using 3-term Helmholtz approx.
5: Y⇤ = �⇡ ([=

, K=+1
) ù Advective/di�usive sources and boundary fluxes

6: ⇡.⇢ = ⇡ (.
=
⇢) ù Implicit evaluation of the .⇢ di�usive source

7: (
⇤

*+ = ( 9⌘ ([=
, K=+1

) ù Joule heating increases gas energy
8: [⇤ = [=

+ �C (Y⇤
+ 8A )

9: Y=+1 = �⇡ ([⇤
, K=+1

)

10: ⇡.⇢ = ⇡ (.
⇤

⇢)

11: (
=+1
* + = ( 9⌘ ([⇤

, K=+1
)

12: [⇤⇤ = 1
2 ([

=
+[⇤

) +
�C
2 (Y=+1

+ 8A )

13: L�⇡ = 1
�C ([

⇤⇤
�[=

) � 8A ù Advective/di�usive forcing term
14: 8A = 8A ([=

, L�⇡ , (?⌘) ù Integrated using CVODE
15: [=+1 = [=

+ �C (L�⇡ + 8A )

16: end while

17: end procedure

IV. Results

A. Voltage sensitivity

A zero-dimensional study is performed first to characterize the sensitivity of the solution to the applied voltage. An
isochoric and adiabatic reactor with a time-varying applied electric field sigmoid profile in equation 6 is used to ignite
the plasma, and the impact on the evolution of plasma properties is examined. A stoichiometric ethylene/air mixture at
atmospheric conditions and an initial temperature of 300 K is considered first, and simulations are conducted over an
interval of 100 ns. The evolution of the electron number density for various applied electric field strengths is depicted
in Fig. 2a, where it is observed that modest changes in the applied electric field strength (⇠10%) result in important
changes in the peak electron number density, which varies by approximately 4 orders of magnitude across cases. This
sensitivity extends to the temperature rise �) shown in Fig. 2b, which varies from negligible heating for the 70 kV/cm
case (not shown) to O(1000 K) for the 80 kV/cm case. The gas heating and electron number densities observed across
cases range from values typical of corona discharges to spark discharges.

To understand how this sensitivity changes under conditions that reflect combustion applications, additional cases
are run with increasing initial temperature and pressure according to isentropic compression laws

✓
?1

?2

◆
=
✓
)1

)2

◆ W
W�1

, (21)

with W = 1.4. Initial temperatures of )0 = 400, 500, and 600 K are considered. The resulting initial pressures, mass
and number densities are provided in table 3. Stronger pulses are required to ignite higher pressure mixtures given the
increase in the gas number density. Temporal evolution of the electron number density and gas heating for the 600 K
case are provided in Fig. 3. It is again found that small increases in the pulse strength result in substantial changes in the
extent of gas heating, with similar sensitivity in the electron number density observed as well.

The sensitivity of the pulse strength on )0 and ?0 is illustrated in Fig. 4, which shows the change in the gas internal
energy density �* (at the final time C = 100 ns) normalized by the gas number density # , as a function of the reduced
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1017

1018

1019

1020

1021

1022

1023

100 101 102

=4 (m�3)

C (ns)

70 kV/cm
74 kV/cm
76 kV/cm
78 kV/cm

(a)

10�1

100

101

102

103

104

100 101 102

�)60B (K)

C (ns)

74 kV/cm
76 kV/cm
78 kV/cm
80 kV/cm

(b)

Fig. 2 Temporal evolution of (a) electron number density and (b) gas temperature for various pulse strengths at

atmospheric conditions.

)0 (K) ?0 (atm) # (m�3) d (kg/m3)

300 1.0 2.446 ⇥1025 1.169
400 2.737 5.022 ⇥1025 2.401
500 5.977 8.773 ⇥1025 4.194
600 11.314 1.384 ⇥1026 6.615

Table 3 Initial conditions used for increasing temperature and pressure PAC streamer cases assuming isentropic

compression and stoichiometric ethylene/air.
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1022

1023

100 101 102

=4 (m�3)

C (ns)

264 kV/cm
272 kV/cm
280 kV/cm
288 kV/cm
288 kV/cm

(a)

10�1

100

101

102

103

104

100 101 102

�)60B (K)

C (ns)

272 kV/cm
280 kV/cm
288 kV/cm
292 kV/cm

(b)

Fig. 3 Temporal evolution of (a) electron number density and (b) gas temperature for various pulse strengths at

)0 = 600 K and ?0 = 11.3 atm.

electric field. One apparent trend is that as )0 and ?0 increase, the mixture becomes more sensitive to the pulse strength,
as evidenced by the steeper slope for the 11.3 atm case as compared with the atmospheric case. It is also seen that the
applied electric field strength corresponding to a given amount of (normalized) deposited energy does not scale linearly
with the gas number density, but rather increases at a slower rate. In other words, to obtain the same normalized energy
deposition for a case with higher )0 and ?0, a lower ⇢/# is required, as compared with a lower pressure/temperature
case.

While the reactor simulation results cannot be used to directly select parameters for multidimensional discharge
simulations, the conclusions drawn suggest that in spatially-resolved simulations of plasma discharges, the discharge
regime has a sharp dependence on the pulse strength. The results also provide an indication on how the pulse strength
might be adjusted as )0 and ?0 increase.

B. Single pulse solution

We begin with an overview of the solution during and after a single NSD in section IV.B.1. Next, a detailed analysis
of the reactions that contribute most to the production and consumption of combustion radicals is presented in section
??. Finally, heating and subsequent acoustic expansion in the plasma channel is examined, and ignition theory are used
to assess and quantify the conditions necessary for a successful ignition in section ??.

1. Solution overview

A single pulse is applied to a stoichiometric ethylene/air mixture at atmospheric conditions. The applied voltage
was selected to produce a streamer in the glow-to-spark transitional regime, with peak heating of O(1000 K). The
voltage profile is given as in equation 6, with qmax = 13 kV. As the applied voltage approaches its peak value, a negative
(anode-directed) streamer ignites at the cathode, and a positive (cathode-directed) streamer ignites near the anode at time
g86 (defined as the time at which the peak value of ⇢/# along the axis is observed). The streamers propagate towards
the center of the gap and eventually meet at g2>== (defined as the time at which the positive streamer propagates at its
peak speed), forming a plasma channel that spans the entire gap. The applied voltage is sustained for a few nanoseconds
before dropping during the 2 ns voltage fall phase, which ends by approximately 6 ns.
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106

107

108

109

1010

1011

1012

200 250 300 350

�* (#�/#) (J/mol)

⇢/# (Td)

1 atm
2.7 atm
6.0 atm
11.3 atm

Fig. 4 Deposited energy per particle as a function of the peak reduced electric field strength for the cases

outlined in table 3.

As the streamer propagates, strong electric fields in front of the head result in the formation of electrons =4,
cations =+ (O2

+ and N2
+), anions =� (O2

– , O– ), vibrationally excited nitrogen =N2 (v) (N2(v1), N2(v2), N2(v3), N2(v4),
N2(v5)), electronically excited nitrogen =N⇤

2
(N2(A3⌃), N2(B3⇧), N2(A3⌃)), metastable oxygen =O⇤

2
(O2(a1�), O2(b1⌃)),

combustion radicals =rad (O, OH, and H), and combustion products =prod (CO, CO2, and H2O). The solution immediately
after the applied voltage is presented in figure 5. The streamer channel is non-uniform radially, with a narrower structure
near the anode (top), and a broader more di�use structure near the cathode (bottom).

As observed in figure 6, the positive and negative streamers propagate with an average speed of approximately 106

m/s, in good agreement with values reported in similar studies [24]. Following streamer connection, space charge
shielding in the plasma channel results in a nearly uniform electric field across the gap.

It is observed that the most active regions (identified as areas with local maxima in the population of various plasma
species) are located near the anode and cathode tips, as well as near the center of the channel (where the positive and
negative streamer heads meet and connect to form the plasma channel). The regions near the pin tips are especially
active, and undergo rapid heating and pressurization when the applied voltage is sustained after streamer connection.
This is driven by local maxima in the reduced electric field strength during the propagation phase, near both the pin tips
(due to the pin curvature) as well as in the center of the gap where the streamers.

The increase in temperature near the pin tips is driven by joule heating, as demonstrated in figure 7(a), which shows
the temporal evolution of the electron number density and reduced electric field strength at a point near the anode
located approximately 1.8 `m from the anode tip axially, and 0.63 `m o� the axis of symmetry (referred to as point 1).
During the first 2.5 ns of the simulation (prior to streamer ignition), the electric field strength follows the sigmoid profile
used to define the applied voltage. Once the positive streamer ignites (at time g86 = 2.6 ns), the electron number density
rapidly increases resulting in space charge shielding and an almost instantaneous reduction in the electric field strength.

There is a transitory phase as the streamers propagate and connect (at time g2>== = 3.7 ns), after which the electron
number density further increases by approximately an order of magnitude, eventually reaching a maximum between 4
and 5 ns. It is during this time that a vast majority of the energy is deposited by the pulse, as shown in figure 7(b). The
heating of the gas coincides with the energy deposition, and peak temperatures in excess of 2000 K are observed near
both the anode and the cathode. The temperature continues to rise even after the energy deposition phase, due primarily
to the quenching of electronically nitrogen species, which are responsible for fast heating [57].

Detailed insight is provided in figure 8, which shows the streamer solution taken along the axis of symmetry
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1021
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m
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nN2(v) (m
-3)  

nN2* (m
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1.0

2.0

3.0

4.0

Fig. 5 Streamer solution (=4, =+, =N2 (v) , =N⇤
2
, =rad, =prod, ) , and ?) at 6 ns. The plasma channel is comprised of a

narrow region formed by the propagation of the positive streamer, and a broader region from by propagation of

the negative streamer.
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Fig. 6 Reduced electric field and gas temperature along the axis of symmetry at 2.8 ns (solid lines), 3.7 ns (dashed

lines), and 4.5 ns (dotted lines). Ignition of the positive streamer occurs at 2.6 ns, while streamer connection

occurs at 3.7 ns.
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Fig. 7 (a) Temporal evolution of the electron number density and reduced electric field strength at point 1, (b)

temporal evolution of the temperature at point 1 and total energy deposited.

13

D
ow

nl
oa

de
d 

by
 "U

ni
ve

rs
ity

 o
f T

ex
as

, A
us

tin
" o

n 
Ju

ne
 2

1,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
23

-2
38

5 



1020

1021

1022

1023

1024

1025

0 0.5 1 1.5 2 2.5

=(m�3)

H (mm)

N2(v1)
N2(v2)
N2(v3)
N2(v4)
N2(v5)

N2(A3⌃)
N2(B3⇧)
N2(C3⇧)
O2(a1�)
O2(b1⌃)

O(D)

(a)

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

0 0.5 1 1.5 2 2.5

=(m�3)

H (mm)

O
OH
H

CO
CO2
H2O
C2H4

(b)

Fig. 8 (a) Number densities of excited state species, (b) number densities of radical and product species along

the axis of symmetry at 6 ns.

immediately after the pulse. As noted previously, local maxima are observed near the cathode (H = 0 mm), anode
(H = 2.5 mm), and the location where the streamers connect (H ⇡ 1.5 mm). The populations of excited plasma species
are provided in figure 8(a). There is a strong correlation between the population of an excited species and its excitation
energy XY, whereby species with lower excitation energies are present in greater amount in the plasma channel. This is
seen most clearly in the separation between the amount of =N2 (E) (which has excitation energies ranging from 0.29 to
1.47 eV), and the amount of electronically excited species (N2

⇤, O2
⇤, and O(1D) with excitation energies ranging from

0.98 to 11.03 eV). The population of N2(v) is one to two orders of magnitude greater than the population of electronically
excited species. Likewise, the population of N2(v1) (which has the lowest excitation energy) is approximately an order
of magnitude higher than the population of N2(v5) (which has the highest excitation energy of the vibrationally excited
species included in the model).

It is important to distinguish between vibrationally and electronically excited species due to the fact that they play
vastly di�erent roles in the context of ignition applications. As previously mentioned, the generation and subsequent
quenching of N2

⇤ is largely responsible for fast heating. This process occurs over O(10 ns), and is responsible for a gas
temperature rise of O(10-100 K). As discussed later in section ??, quenching of N2

⇤ also plays an important role in
combustion radical generation. In contrast, N2(v) (and long-lived electronically excited species like metastable O2(a1�)
and O2(b1⌃)) persist for much longer periods of time (� 10 `s). The quenching of N2(v) results in a much slower
temperature rise known as slow heating [15]. Over shorter periods of time this heating is negligible, and the generation
of vibrationally excited species acts as a energy sink, e�ectively trapping a portion of the pulse energy without any
appreciable increase in the gas temperature or generation of combustion radicals.

The population of combustion radicals in the plasma channel is shown in figure 8(b). It is apparent that O is created
in the greatest amount, followed by OH and H. This is consistent with previous investigations of LTP chemistry [41],
which found that electron impact reactions and electronically excited species quenching primarily results in the formation
of O, which in turn promotes the formation of H and OH radicals. Combustion products are also formed immediately
following the pulse, albeit in much smaller amounts. The population of CO2 is lower than the population of CO and
H2O by one to two orders of magnitude. Since conversion of CO to CO2 is responsible for much of the heat release in
conventional hydrocarbon combustion, this indicates that an ignition event is not imminent.

The temporal evolution of the solution (anion, cation, N2(v), N2
⇤ combustion radical, and combustion product mass

densities integrated across the entire domain) over longer periods of time following the pulse is presented in figure 9.
The species masses have been normalized using a reference mass <ref = 2.29619 ⇥ 10�6 g, which is the mass of the
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Fig. 9 Temporal evolution of the total amount of cations, anions, vibrationally and electronically excited

N2, radicals, and products integrated across the entire domain, normalized using a reference gas mass

<ref = 2.29619 ⇥ 10�6 g.

initial gas mixture in a cylindrical region with a height of 2.5 mm, and a radius of 0.5 mm (approximating the volume
occupied by the plasma channel). Following the pulse, there is a transient period during which electrons attach to O2

and O, after which the concentrations of cations and anions decay primarily due to ion-ion recombination reactions
(R31-34). N2(v) remains present in large amounts long after the pulse, in contrast with N2

⇤, which is rapidly quenched
after O(10 ns). Combustion radicals are consumed over an interval O(0.1-1 `s). Combustion products (primarily CO
and H2O) are produced both during the pulse and long after, as combustion radicals generated by the discharge are
consumed in fuel oxidation reactions.

A more complete picture of the solution is provided by radial profiles at various instances in time and locations
across the gap. Two radial profiles are taken across the plane of symmetry: one profile across the top portion of the
plasma channel near the anode (H = 0.5 mm from the anode tip), and one across the bottom portion of the channel near
the cathode (H = 0.75 mm from the cathode tip). The solutions, provided in figure 10, are taken at three instants in time
(C = 10, 100, 1000 ns). Solution profiles taken near the anode are denoted with an “000 subscript, while solutions near
the cathode are denoted with a “200 subscript.

As apparent in figure 5, the radial extent of the plasma channel near the cathode is greater for all variables of interest.
It is also observed that within the portion of the channel formed by the positive streamer (closer to the anode), the
population of active species is greater than in the portion formed by the negative streamer (near the cathode). This is
due to the fact that the reduced electric field strength in front of the positive streamer is larger than that in front of the
negative streamer. This is apparent from the solution at 2.8 ns in figure 6, where the negative and positive streamer
heads correspond with the maxima in ⇢/# at H ⇡ 0.5 and H ⇡ 2.4 mm, respectively.

It is especially informative to consider the temporal evolution of these quantities. The population of electrons
changes considerably due to electron attachment, decreasing by several orders of magnitude from 10 to 100 ns, and
reaching negligible levels by 1 `s. The populations of cations and anions decrease by a few orders of magnitude as well,
as ion-ion recombination results in fewer ions over longer periods of time, and transport processes result in a more
di�use structure. Among excited species, significant variation is only observed for N2

⇤ which decreases considerably
from 10 to 100 ns, consistent with the O(10 ns) time scales associated with N2

⇤ quenching. Given the longer time scales
associated with the relaxation of N2(v) and metastable O2, almost no variation is observed in the radial profiles for these
species.
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Combustion radicals are produced during the pulse, after which they are consumed during the inter-pulse period
(decreasing in number density by one to two orders of magnitude in the plasma channel), as shown in figure 10(c).
Finally, as seen in figure 10(d), the number density of combustion products and gas temperature increase due to fuel
oxidation as well as fast and slow heating e�ects. The increase in the population of combustion products at such
low temperatures is possible due to the presence of combustion radicals, which are present largely due to electron
impact reactions, and N2

⇤ quenching. This highlights one of the primary benefits of using LTP in the ignition process.
Combustion radicals are not present in such large amounts at low temperatures during traditional thermal ignition.
Instead, conventional ignition requires that the gas temperature increase until chain branching leads to the production of
combustion radicals, and fuel oxidation.

V. Conclusions

A robust and e�cient reactive Navier-Stokes solver was extended to include a plasma-fluid model, while a local
field approximation was used to parameterize electron transport coe�cients and rate coe�cients for electron reactions
as functions of the reduced electric field. A two-way coupling strategy was used to ensure that plasma and reactive
transport processes interacted with each other throughout the discharge and inter-pulse period. An AMR strategy was
used to ensure that large gradients in the reduced electric field strength, pressure, and temperature (which correspond
with important physical structures in the discharge solution) were resolved while maintaining a manageable problem
size. A skeletal ethylene/air mechanism capable of describing both plasma and combustion kinetics was incorporated
into the solver.

First, a sensitivity analysis was performed to assess the impact of voltage strength on the temporal evolution of the
solution. A zero-dimensional isochoric and adiabatic reactor was used to simulate plasma discharges via a time-varying
electric field strength with a sigmoid profile, and a range of peak voltages. Several simulations at atmospheric conditions
were conducted, and it was observed that modest changes in the peak voltage (⇠ 10%) produced enormous changes in
the discharge characteristics, which ranged from having negligible heating and energy deposition (characteristic of
corona discharges), to having significant heating O(1000 K) and energy deposition (characteristic of spark discharges).
The degree of sensitivity to voltage strength was also found to increase at elevated temperatures and pressures.

Next, axisymmetric pin-to-pin plasma discharges in stoichiometric ethylene/air mixtures were simulated through
the entire evolution of the streamer (including streamer ignition, propagation, and connection phases, as well as the
subsequent spark phase) and through the inter-pulse phase. A single-pulse simulation at atmospheric conditions was
conducted using a voltage pulse with a peak of qmax = 13 kV, which was su�cient to induce a temperature rise of
approximately 2000 K near the electrode tips during the spark phase. The solution was then examined through the first 2
`s of the simulation. The composition of the plasma channel was discussed in detail and it was shown that following the
pulse, vibrationally excited N2 dominated the population of excited state species, while the production of O dominated
radical production. A peak temperature rise of approximately 2000 K near the pin tips, and a total energy deposition of
38 `J were observed for the single-pulse case.
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upper and lower portions of the plasma channel at 10 ns (solid), 100 ns (dashed), and 1 `s (dotted).
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