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ABSTRACT

This work presents the results of two-dimensional modeling of the effects of non-equilibrium excita-
tion and electrode geometry on H,/air ignition in a nanosecond plasma discharge. A multiscale adap-
tive reduced chemistry solver for plasma assisted combustion (MARCS-PAC) based on PASSKEy discharge
modeling package and compressible multi-component reactive flow solver ASURF+ is developed and val-
idated. This model is applied to simulate the impact of non-equilibrium plasma excitation and electrode
geometry and heat loss on the dynamics of the discharge from streamer to spark and ignition kernel
development in a Hy/air mixture with a pair of cylindrical electrodes. The results show that the plasma-
generated species (Ny(A), Na(B), No(a’), N»(C), O('D), O and H) in the spark and afterglow significantly
accelerate the ignition kernel development. The increase of discharge voltage at the same total discharge
energy promotes the non-equilibrium active species production. It is found that the production of elec-
tronically excited species at higher reduced electric field strength is more efficient in enhancing ignition
in comparison to the vibrational excitation and heating. Moreover, the 2D simulation clearly reveals that
the electric field and active species distribution are highly non-uniform. The streamers are initiated at the
sharp outer edges of the negative and positive electrodes by a strong electric field while the electric field
is much weaker at the centerline of the electrodes. Furthermore, the simulations reveal that the ignition
enhancement is sensitive to the variation of electrode shape, diameter, and gap size due to the changes
of electric field distribution and location of streamer formation. A cylindrical electrode produces a larger
discharge volume and ignition kernel than the parabolic and spherical electrodes, when the discharge is
localized near the axis of the gap. It is found that there is a non-monotonic dependence of ignition kernel
size on the electrode diameter and inter-electrode distance. The increase of electrode diameter and gap
size above the optimal conditions leads to the reduction of ignition kernel volume, due to the decrease of
active species concentration and gas temperature. At a larger electrode surface area and electrode diam-
eter as well as smaller electrode gap size, the heat loss to electrode plays a greater role in reducing the
ignition kernel size and slowing ignition kernel development. This work provides insights and guidance to
understand the kinetic enhancement of non-equilibrium plasma and the effects of electrode geometries
on ignition for the optimization ignitors in advanced engines.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

drawn great attention in the application of plasma assisted com-
bustion [25,26]. Volumetric production of chemically active species

In recent years, non-equilibrium plasma has shown remark-
able advantages in enhancing ignition [1-3], improving engine
performance [4,5], extending flammability [6-10] and flame stabi-
lization limits [11,12], accelerating low temperature fuel oxidation
[13-18] and reforming [19-22] in internal combustion engines,
high speed propulsion systems, and gas turbine engines [23,24].
Particularly, non-equilibrium short-pulsed plasma discharge has
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and fast gas heating can be enabled by the non-equilibrium
excitation effects of plasma in several nanoseconds due to a high
reduced electric field (E/N, where E is the electric field and N is
the gas number density), which significantly enhances ignition
and combustion. However, the multi-timescale nature of localized
streamer development as well as active species and heat produc-
tion in plasma discharge requires quantitative understanding of
the multi-dimensional dynamics of discharge development and
the chemistry coupling between plasma and combustion.

To understand the underlying physical-chemical process of
plasma assisted combustion, different numerical models and
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experimental studies with zero-dimensional (0D) [16,17,27-31],
one-dimensional (1D) [32-34], two-dimensional (2D) [35-41] and
three-dimensional (3D) [42] discharges have been carried out.
Although 0D and 1D models can provide critical information of
plasma chemistry, they are not able to capture the dynamics of
filament discharge development of plasma in practical engines
in which multi-dimensional electrode geometries are used to
optimize ignition enhancement. For example, the experiments
conducted in propane/air mixtures by Lo et al. [43]| and Panchesh-
nyi et al. [44] showed that the flame first appeared near the
electrodes and then propagated along the inter-electrode and
to the outside space in a point-to-plane discharge geometry.
Moreover, the results showed that different configurations of
the point-to-plane electrodes also affected the flame kernel size
generation near the electrodes [43]. The experiments of CHy/air
ignition using nanosecond pulsed discharge in a convective flow by
Lefkowitz and Ombrello [45,46] showed that the discharge inter-
electrode distance also played an important role in the generation
of effective ignition kernels. Furthermore, when the inter-electrode
distance is varied, not only the electric field but also the heat loss
to the electrode plays an important role to affect the ignition ker-
nel development. Therefore, to understand the multi-dimensional
discharge dynamics in plasma assisted ignition, it is necessary to
model the plasma chemistry and filamentary plasma discharge de-
velopment in a combustible mixture by using a multi-dimensional
approach including the heat loss to the electrode.

In previous multi-dimensional modeling of plasma assisted
combustion, Mahamud et al. [35] developed a 2D model to study
the dual-pulse laser ignition in a CHy/air ignition. As the model
was designed for dual-pulse laser, the electric field and detailed
plasma kinetics were not solved. Kobayashi et al. [36] studied the
nanosecond discharges in H;/air mixtures at atmospheric pressure.
The results of species and temperature distributions between the
point-to-point electrodes during and after the nanosecond voltage
indicate that the non-uniformity in plasma affects the ignition en-
hancement and further studies of 2D reactive flow simulations are
needed. Tholin et al. [37] conducted 2D simulations of the ignition
of a lean premixed H,/air flame between the point-to-point elec-
trodes by a nanosecond spark discharge at atmospheric pressure
with a reduced mechanism. Sharma et al. [38] developed a coupled
2D computational model of nanosecond pulsed plasma induced
flame ignition and combustion between two cylindrical electrodes
for a lean H,/air mixture at high pressures using reactive com-
pressible Euler equations without considering the detailed trans-
port. Bechane and Fiorina [40] implemented a LES flow solver with
semi-empirical model proposed by Castela et al. [41,42] to study
the turbulent premixed flame ignition by nanosecond repetitively
pulsed discharge without solving the electric field and detailed
plasma chemistry. To summarize, the kinetic pathways of plasma-
generated active species such as vibrationally and electronically ex-
cited species by the non-equilibrium excitation effects on ignition
enhancement with detailed chemistry were rarely discussed in the
framework of multi-dimensional models. Meanwhile, the effects of
electrode geometry on discharge dynamics and ignition were rarely
studied by modeling approach. Since both chemistry and trans-
port are critical mechanisms for ignition and flame propagation,
the development of a multi-dimensional plasma assisted combus-
tion model with detailed chemistry and transport is still of great
interest.

Recently, an experimentally validated 2D plasma solver
PASSKEy (PArallel Streamer Solver with KinEtics) [47] shows a
good performance in modeling streamer-to-spark transition of
the plasma discharge [48]. The solver was originally designed
for nanosecond surface discharges [49] and later extended for
other discharge modeling [50-52], but the code does not include
combustion chemistry. On the other hand, for detailed adaptive
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combustion chemistry and transport modeling, an adaptive simu-
lation of unsteady reactive flow solver ASURF+ [53-56] has been
developed, validated, and widely used in modeling of unsteady
ignition and flame propagation. Therefore, PASSKEy and ASURF+
provide validated computational platforms to develop a 2D com-
putational tool for plasma assisted combustion and reforming with
detailed chemistry and transport.

In this study, firstly, a new two-dimensional multi-scale adap-
tive reduced chemistry solver for plasma assisted combustion
(MARCS-PAC) is developed and validated by integrating PASSKEy
and ASURF+ solvers. Secondly, plasma assisted ignition develop-
ment in a Hy/air mixture with a nanosecond discharge between
a pair of cylindrical electrodes is studied by MARCS-PAC with de-
tailed combustion chemistry and transport. The effects of non-
uniform distributions of electric field, electron number density, ex-
cited species, radicals, and energy release generated by pulsed dis-
charge on ignition are modeled. Then, voltage and electric field ef-
fects on non-equilibrium excitation of plasma and ignition chem-
istry between the two electrodes are investigated. Finally, the ef-
fects of electrode geometries including the electrode shape, diam-
eter, and gap size as well as the heat loss to the electrode on igni-
tion enhancement are studied.

2. Numerical methods

The two-dimensional multi-scale adaptive reduced chemistry
solver for plasma assisted combustion (MARCS-PAC) integrates the
2D plasma solver PASSKEy [47-52] and the adaptive simulation
of unsteady reactive 2D flow solver ASURF+ [53-56]. The gov-
erning equations, chemistry, and transport properties of a multi-
component, compressible reactive flow and the time splitting solu-
tion methods are summarized here.

2.1. Governing equations

The PASSKEy code solves the continuity equation for the species

such as electrons, ions, vibrationally and electronically excited
molecules, intermediate species, reactants and products in plasma
[49],
%"‘V']k: Sk + Spn (1)
where n, is the number density of species k, t the time, ]7{ the
flux vector of species k due to drift-diffusion of charged species in
local self-consisted electric field, and Sy and Sy, the production or
consumption rate of species k contributed by plasma kinetics and
photoionization, respectively.

The flux vector J, is obtained by the drift-diffusion approxima-
tion,

Je = 2z E =Dy V g (2)
where z, is the charge number of species k, w, and D, the mobility

and the diffusion coefficient of charged species, respectively, and E
the electric field vector.

Due to the lack of an appropriate photoionization model of
H,/0,/N, mixtures, it is assumed that the photoelectrons come
from the ionization of O, molecules by vacuum ultraviolet (VUV)
radiation from electronically excited N,. In [39] it was shown
that the influence of H, absorption could be taken into account
adding an additional absorption in photoionization term. It was
also shown that the VUV radiation absorption by hydrogen plays a
minor role in streamer discharge propagation and plasma channel
development [39]. The photoionization source term is calculated
by the three-term Helmholtz equations [57,58],

Sph = Zsphj (3)
j
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where Sphj is the three-exponential fit term (j = 3) for photoion-

ization rate, B; and B; the fitting coefficients for photoionization
functions, po, the partial pressure of O,, and I, the photons pro-
duction rate.

The electric potential is calculated by Poisson’s equation,

= Qe sznk (5)

jp(zjzlph (4)

V (—£0€ V @)

where &g is the permittivity of free space (8.8542x10~12 Fm 1)

¢ the relative dielectric constant, ¢ the electric potential ( E=— V
@), and qe the absolute value of electron charge (1.602x10~19C)
Gas heating in the discharge is calculated by the method of
Flitti and Pancheshnyi [59]. The external electric power deposited
to plasma per unit volume, Pext, is calculated by,

-

Pext =jc -E (6)

where jc= —Qe ]: is the conductive current density vector, and ]: is
the electron flux vector. The electric power deposited in the plasma
are comprised of three parts [59]: the power distributed respec-
tively to the translational degree of freedom of electrons P,je., the
translational degree of freedom of gas Pyas, and the internal degree
of freedom of gas P,,.. Therefore, the gas heating Pgas from plasma
is calculated by,

Pgas = Pext — Pelec — lint (7)

Petec= 31(B d(nETE) (8)
dn

Pne = Zek £ (9)

where kg is the Boltzmann constant (1.38x10723 J.K-1), n. the
electron number density, T. the electron temperature (unit in K),
and ¢, the internal energy of species k.

The conductive current [ is obtained from the conductive cur-
rent density by

1=ffc-ﬁ’dA (10)

where 7 is the normal direction vector, and A is the surface area of
electrode.

The rate constants of electron impact reactions, the transport
parameters for electrons, and the mean electron energy are pre-
calculated by using BOLSIG+ [60]. The cross-section data of elec-
tron impact reactions are obtained from the online database LXCat
[61]. The electron temperature during the discharge is obtained by
solving the Boltzmann equation with the local field approximation
[60,62].

The discharge development solution is coupled with the
unsteady, multi-component, reactive, compressible Navier-Stokes
(N-S) reactive 2D flow solver ASURF+ [53-56]. The two-
dimensional axisymmetric conservation equations of mass, mo-
mentum and energy at the cylindrical coordinates are listed as fol-
lows [53],

5 () -

@

P +V~<,0VV>=—

<
=
+
<
Ll

(12)
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8 — — - = — ——
a—f+v-((e+p)v)=fv~q+v-(rv)+l’gas (13)

where p is the gas mass density, V the velocity vector, p the pres-
sure, T the viscous stress tensor, e the total energy per unit vol-
ume, and ¢ the heat flux vector. The gas heating Pg,s from plasma
is a source term of Eq. (13).

The conservation equation of species k consisting both plasma
and combustion kinetics is given as,

d(pY, - 7

(g s [ (V+W)Yk}=wk (14)
wy _wllzlasma + w[gombustion (.15)
wlp{)lasma = Sk + Sph_ V- Jk (16)

where Y}, and V,; are the mass fraction and the diffusion velocity
of species k, respectively, and w; is the production or consump-
tion rate of species k contributed, respectively, by plasma discharge
w,"lasma and combustion kinetics f°mPustion,

The summation of the conservation equations of all species
needs to recover to the mass conservation Eq. (11) and thus
requires,

Z&)k =0 (17)
k

Z(;;ka,;) =0 (18)

k

The diffusion velocity vector Vk is obtained by the summa-

tion of the ordinary diffusion velocity V, , given in the Curtiss-

—

Hirschfelder approximation, the thermal diffusion velocity V,;_T as

well as the correction velocity V, - which insures the compatibility
of species and mass conservation equations [63],

— — — —

Vi =Viy +Ver +Vie (19)

The heat flux term ¢ in Eq. (13) includes a heat diffusion term
calculated by the Fourier's Law and a term of the diffusion of
species with different species enthalpies,

G=-2VT+pY <th,< v,;) (20)
k

where A is the thermal conductivity of the mixture, T is the gas
temperature, and h,, is the enthalpy of species k.
The N-S equations are closed by the equation of state,

p = pRT/M (21)

where R? is the universal gas constant (8.314 J-mol~!.K~!), and M

is the mean molecular weight of the mixture.
2.2. Numerical schemes

The finite volume method is used for discretizing the above
governing equations. A detailed description of the numerical
schemes for plasma modeling of PASSKEy has been described in
[49]. The Poisson’s equation and Helmholtz equations are solved by
a preconditioned conjugate-gradient solver [64,65]. A semi-implicit
time integration scheme is applied for Poisson’s equation [66,67].
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Table 1
Species in the kinetic model.

Molecules Radicals Excited species Charged species

Hj, 02, N3, H,0, H;0,, O3, NO, NO,,
N,O, HNO, HONO

H, O, N, OH, HO,, NH Hy(v=1), 0y(v=1), Na(v=1),
0,(a'ag), 02(b'Zy), O('D),
Ny (A), No(B), Na(a’), N»(C), N(?D)

(Na(A) is the summation of No(A3S!, v=0—4), Ny(A*S]. v =5-9) and Ny(ASS;, v = 10-); Ny(B) is the summation of Ny (B3TIg), Ny(W3A,) and No(B> X, ); Na(a') is

H,*, 0,7, N7, Ng™, 07, 0,7, e

the summation of N (a'' %,), Na(a'Mg) and Ny (w!Ay); Ny(C) is the summation of N, (C3IT,), Ny (E3E;) and N,(a"' Z;)).

The drift term of charged species is solved by an explicit UNO3
scheme [68]. The plasma chemistry is calculated by the stabilized
Runge-Kutta-Chebyshev (RKC) method [69]. In ASURF+ [53-56],
the combustion kinetics and the transport coefficients are calcu-
lated by the CHEMKIN-TRANSPORT packages [63,70]. The convec-
tion fluxes in Egs. (11)-(14) are solved by either HLLC scheme
[71] or the WENO scheme [72,73] in ASURF+. The HLLC scheme is
used in this study. The central difference scheme is applied to eval-
uate the diffusive flux. In the present solver, the 3rd Runge-Kutta
scheme is used in time integration. Theses numerical schemes for
the calculation of combustion chemistry, convection and diffusion
terms were validated by ignition delay, shock wave, and flame
propagation, which can be found in supplementary materials. The
correlated dynamic adaptive chemistry and transport (CO-DACT)
method [74] and the hybrid multi-timescale (HMTS) [75] modules
are adopted to improve computational efficiency. To solve the con-
servation Egs. (11)-(14), the stiff source terms Pgas of Eq. (13) and
wy of Eq. (14) are solved by fractional-step time-splitting method
[71]. At each time-step, at first, the governing equations of plasma

discharge involving electric field, Pgas and w} **™ are solved. Then,

the combustion kinetics involving @®mPustion are solved. Finally,
the convection and diffusion terms are solved and all the parame-
ters are updated for the next time step. The simulations were per-
formed using 2.4 GHz Intel Broadwell processor with 128 GB mem-
ory per node. Each case takes 96-120 h with 16 CPU cores.

2.3. Plasma assisted H,/0,/N, combustion kinetic model

A modified plasma assisted H,/0,/N, combustion kinetic model
from [31] is used in this work. The mechanism consists of a plasma
sub-model and a combustion sub-model. The mechanism consists
of 35 species. The plasma sub-model has 68 reactions and the
combustion sub-model has 81 reactions. The species included in
the mechanism are listed in Table 1. The plasma sub-model was re-
duced from the detailed plasma kinetic model originally from [31].
The detailed description about the model reduction process can be
found in supplementary materials. The plasma sub-model incorpo-
rates the reactions of electron impact vibrational excitation, elec-
tronic excitation, dissociation, ionization and attachment, as well
as quenching of vibrationally and electronically excited species,
charge exchange, electron detachment, ion-ion and electron-ion
recombination. The cross-section data of H, and N, were taken
from the Phelps database [76], and the cross sections of O, were
obtained from the Biagi database [77]. Note that the ionization
cross sections of H, were obtained from the IST-Lisbon database
[78] which provides more detailed data for different electron ener-
gies. For the combustion sub-model, a detailed H,/O,/N, combus-
tion mechanism from HP-Mech [79] with NOx formation [80,81]
and O3 sub-mechanisms [82] was used.

2.4. Initial and boundary conditions

For the initial condition, a uniform pre-ionized H,/O,/N, mix-
ture was used for the simulation. The initial electron number den-
sity is 104 cm=3 [36,83,84], and the same initial ion density is

given based on quasi-neutrality. All the simulations were con-
ducted in a stoichiometric H,/air mixture (0.296 H,/0.148 0,/0.556
N,) at 800 K and atmospheric pressure. A nanosecond discharge
with a single pulse was used to study the plasma assisted ignition.
For simplicity, a trapezoidal waveform voltage ranging from 2000
to 5000 V with a rise time of 2 ns was applied to the electrodes.
The end time of nanosecond discharge is controlled by the total
deposited energy in plasma which is set as 0.4 m] for all simula-
tions.

For the boundary conditions of the electric potential, ¢ = U(t)
was used for metal surface and d¢/dn = 0 was used for non-metal
boundary of the Poisson’s equation. For the drift-diffusion equa-
tions of charged species, the boundary condition for the electron
flux at the metal was dJe/dn = 0. The settings of dJ;/0n =0 and
Ji =0 were applied for the ions flowing in and flowing out the
metal surface, respectively. For the N-S equations, the transparent
boundary conditions were applied for external boundaries and the
reflective boundary conditions were applied for electrodes. Two
cases of heat losses were considered: adiabatic case assumed that
there is no heat loss at electrodes. For non-adiabatic regime, a
conduction heat transfer to the cold electrodes with a constant
temperature of Tuecrrode = 300 K was incorporated. The value
Telectrode = 300 K increases the cooling effect and was used to
demonstrate the influence of the heat transfer on the ignition ker-
nel development.

2.5. Electrode geometry and computational domain

The electrode geometries of anode and cathode in this study
were axisymmetric. The R-axis of the cylindrical coordinates indi-
cates the direction of electrode radius and the Z-axis indicates the
direction of electrode length. The electrode shape, diameter, and
the gap size were varied to study the effect of electrode geometry
on ignition. A computational domain of 5 x 10 mm? was used in
the simulation. To reduce the computational cost, a fine and uni-
form orthogonal mesh (10 x 10 m) was used in the center region
of plasma discharge and ignition kernel formation. In the outer re-
gion, the mesh size increases exponentially, as shown in Fig. 1. The
time step is limited by the shortest characteristic timescale of the
drift dynamics of charged species, plasma kinetics, combustion ki-
netics, and fluid dynamics for all grids.

3. Results and discussion
3.1. 2D effects of plasma discharge on ignition

Streamer propagation, its transition to spark and the igni-
tion kernel development were performed in the framework of 2D
model described above. In the first series of calculations, the elec-
trode diameter was 2 mm and the gap size between anode and
cathode was 2 mm. The applied voltage was 5000 V with a rise
time of 2 ns. The system was assumed as adiabatic. Figure 2 shows
the applied voltage pulse shape and calculated dynamics of the
discharge current.

During the first nanosecond, the electric field in the gap is
too low for the development of ionization, and the discharge cur-
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Fig. 2. Applied voltage and calculated dynamics of the discharge current.

rent is determined by the initial ionization of the gas in the gap
(ne(0) = 10 cm—3) and the drift of electrons in a weak electric
field. As the voltage on the electrodes increases, the development
of ionization waves begins in the gap (t > 1.5 ns, Fig. 2). The dis-
charge current during this phase is closed by displacement cur-
rents, since the gap remains open. After t = 2 ns, when the voltage
on the electrodes stops growing, a redistribution of potentials in
the plasma occurs, leading to a local decrease in the electric fields
near the electrodes and a decrease in the discharge current. Sub-
sequently (t = 3 ns), the gap is bridged, the electric field at all
points of the plasma becomes higher than the critical one, which
leads to a rapid increase in the plasma density and conductivity at
t > 3.5 ns.

Figures 3(a-f) show the time evolutions of E/N, electron temper-
ature, electron number density, mole fractions of the atomic oxy-
gen in excited O('D) and ground state O(3P), as well as gas temper-
ature during plasma assisted Hs/air ignition. Figs. 3(a,b) show that
the highest electric field and electron temperature are first gener-
ated near the edges of the electrodes due to the local electric field
enhancement. During initial stage of the discharge, a high electric
field (up to E/N ~ 1000 Td) is generated near the edge of the elec-
trode, as shown in Figs. 3(a), 4(a). Figures show that the ioniza-
tion waves start at the cathode edges. The streamers from the an-
ode develop much slower because they require the photoelectrons
production in front of the ionization waves (t = 2.5 and 3.0 ns in
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Fig. 3(c)). After bridging the gap, the negative and positive stream-
ers merged, and the electric field distribution in the discharge gap
becomes more uniform. After that, the streamers transform to a
nanosecond spark. The ionization of the gas increases, and the
energy is rapidly deposited into plasma. This is also observed by
the current increase after t = 3 ns in Fig. 2. During this stage, the
major portion of excited species and radicals such as O('D) and O
are produced because of the high electron number density, espe-
cially in the discharge channel near the edges of the electrode, as
shown in Figs. 3(d,e) and 4(b).

When the total discharge energy reaches Q = 0.4 m], the volt-
age on the electrodes is set to zero (Fig. 2). Discharge stops, and
the afterglow stage begins. In this afterglow stage, the electron
density and O('D) mole fraction decrease gradually (Fig. 3(c) and
(d)). Plasma recombination is controlled by the electron-ion disso-
ciative recombination and electron attachment reactions; decrease
in excited oxygen density is due to the collisional quenching of
O(D) by hydrogen and nitrogen molecules.

The temperature profile at t = 30 ws in Fig. 3(f) shows that
the ignition kernel is firstly formed near the electrode edges be-
cause of the high concentrations of excited species and radicals as
well as the fast temperature increase in the regions of high elec-
tric fields and high energy density of the discharge. The initial ig-
nition kernel volume is larger at the cathode because of shorter
start delay time for negative streamers (Fig. 3(c)). After that, the
ignition kernel propagates into the unburned gas regions near the
electrodes. The density of radicals generated during ignition in-
creases rapidly, such as the time evolution of O radical shown in
Fig. 3(e). With the ignition kernel propagation, a large volume of
high-temperature burned gas is formed, as shown in the tempera-
ture profile at t = 90 us (Fig. 3(f)).

Therefore, the active species production, gas heating and ig-
nition dynamics significantly vary in 2D-space. Thus, quantitative
model of spark ignition in engines should consider the multi-
dimensional effects of plasma initiation, streamer propagation, and
non-uniform distribution of active species production between the
electrodes.

Figures 5(a) and (b) present the spatial distributions of species
mole fraction and gas temperature between anode and cathode at
the electrodes edge (R = 1 mm) along Z-axis and at the center
of discharge gap (Z = 5 mm) along R-axis, respectively. The data
are analyzed at the end of high-voltage pulse (t = 4.3 ns). It is
observed that the discharge cross-section near the electrodes is
smaller than that in the middle of discharge gap (Fig. 3(c)). This
leads to higher conductive current density and specific energy de-
position, and thus increases active species concentrations and tem-
perature close to the electrodes. Because more electrons and ac-
tive species are generated near the cathode, the gas temperature is
higher compared with anode region (Fig. 5(a)). Fig. 5(b) shows that
a considerable number of excited species and radicals are produced
in the discharge gap between anode and cathode (R < 1.3 mm).
The species mole fractions and temperature reach to the peak at
the electrode edges around R = 1.0 mm and decrease significantly
at the outside of the electrode where the electric field is weak.
Among these plasma-generated species, H and O radicals, vibra-
tionally excited species Ny(v = 1) as well as electronically excited
species such as O('D) and N,(B) are produced significantly.

To understand the kinetic effects of plasma-generated species
on ignition enhancement, the time evolutions of species mole frac-
tions and temperature during plasma assisted ignition process are
presented in Figs. 6(a) and (b) for a point near the anode in the
region of the most intensive discharge energy release (R = 1 mm,
AZ = 5 um from anode). The major electron impact reactions in
nanosecond discharge from the point of view of ignition develop-
ment are processes of vibrational excitation of nitrogen, excitation
of electronic degrees of freedom, and direct dissociation and ion-
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ization of molecules by electron impact:

e+ N, ->e+Ny(v=1) (R1)
e+ Ny — e+ Ny (A)/Nz(B)/N;(a')/N2(C) (R2)
e+H, >e+H+H (R3)
e+0,->e+0+0 (R4)
e+0,>e+0+0('D) (R5)
e+M—e+e+MH(M=H, 0, N,;) (R6)

For the primary radical production such as H and O in plasma
discharge, Fig. 6(a) shows the time histories of H and O concen-
trations. It is seen that the radical concentrations increase rapidly
during the plasma discharge in the timescale of ~ 10 ns. Besides
the electron impact dissociation reaction (R3), the production of
H is mainly contributed by the collisions of electronically excited
species Ny(a’), No(C) and O(1D) via

Ny(a) +Hz > Ny +H+H (R7)
N2(C)+Hy; - N, +H+H (R8)
and

0('D) +H, — H+OH (R9)

The major reactions of O atoms production are reactions (R4), (R5)
and collisional quenching of nitrogen triplet states:

N,(B) + 0, - Ny + 0+ 0 (R10)

N2(C) + 0, - N2 +0+0('D) (R11)

These reactions also provide fast gas heating and raise the temper-
ature during plasma discharge and in the early afterglow [85-88],
as shown in Fig. 6(a). The radical production and fast heating ac-
celerate the ignition process and lead to branched-chain thermal
explosion development.

The time histories of major electronically excited species are
shown in Fig. 6(b). It is seen that N,(B) and N;,(C) are quickly
quenched in ~ 20 ns by molecular oxygen and hydrogen. N;(B)
contributes to O production through (R10) and is also converted
into Ny(A) via

N2(B) + N; — Ny (A) + N, (R12)
and
N, (B) + H, — Ny (A) + H; (R13)

leading to the increase of N,(A) in the early stage of afterglow.
0('D) is mainly produced in reactions (R5) and (R11) and con-
sumed quickly in (R9) to generate H and OH radicals during dis-
charge phase and early afterglow. The production of O('D) has a
strong kinetic enhancement on fuel oxidation at low temperatures
[2]. In the late afterglow, O('D) concentration decrease slows down
due to its production from N,(a’) in reactions with O, as well as

the recombination reaction between electron and O,™
Ny(a') +0, = N, + 0+ 0('D) (R14)

e+0; - 0+0('D) (R15)

Combustion and Flame 240 (2022) 112046

N,(A) is consumed in reactions of collisional quenching

N2(A) +H; - N, +H+H (R16)
and
Ny(A)+0; - N, +0+0 (R17)

It is noted that the concentration of vibrationally excited nitro-
gen Ny(v = 1) is also significant in the plasma. Fig. 6(a) shows that
Ny(v = 1) has a long lifetime (~ 20 us). However, it is mainly con-
sumed by vibrational-translational (VT) relaxation reaction [2]:

Nz(l/:])—i—Hz—)Nz-l—Hz (R18)

The vibrationally excited hydrogen H,(v = 1) and oxygen O,(v = 1)
consumed by

O+H;(v=1) - H+OH (R19)
H,(v=1)+0OH —- H,0+H (R20)
and

H+0;(v=1) - 0+ OH (R21)

also accelerate the radical production, but their kinetic effects on
ignition enhancement are minor due to low concentrations.

From the discussion above, the different spatial distribution and
time evolution of plasma properties show that multi-dimensional
models are required to quantitatively model plasma assisted spark
ignition. Therefore, in the following sections, we will examine the
effects of applied voltage and electrode geometry on plasma dy-
namics and ignition enhancement. The ideally symmetric electrode
geometry is difficult to be achieved in a real engine, and was used
as an approximation to demonstrate the role of volumetric exci-
tation of the mixture. The asymmetry in electrode’s configuration
and the discharge instabilities development will lead to the asym-
metric energy distribution in plasma. Generally the higher energy
density will increase the ignition but the smaller ignition kernel
will delay the combustion wave propagation.

3.2. Voltage effects on non-equilibrium excitation and ignition
chemistry

As E/N is an important parameter in a plasma discharge which
controls the electron energy, energy transfer, and the production of
excited species [2], in this section, we examine how the discharge
voltage affects non-equilibrium excitation in the nanosecond dis-
charge and ignition chemistry. The cylindrical electrode geometry
and gap size were kept the same, but the applied peak pulse volt-
age was increased from 2000 to 5000 V with the same deposited
discharge energy of 0.4 m].

The fractions of energy deposited into different molec-
ular degrees of freedom in the stoichiometric Hjy/air
(0.296 H,/0.148 0,/0.556 N,) mixture as a function of E/N
were calculated, for example, in [2]. The results show that most
energy is transferred to the rotational excitation and vibra-
tional excitation of O,(v) and Hy(v) at electric field below 10 Td
(1 Td = 10~ V.cm2). Between 10 and 100 Td, the energy is
mainly transferred to N,(v) and a part of energy goes to the elec-
tronic excitation of N, as well as the dissociation of O, and H,. As
the E/N further increases above 100 Td, the electronic excitation of
N, and dissociation and ionization of H,, O, and N, dominate the
discharge but the energy deposition in the vibrational excitation
mode decreases.

Figure 7 shows the comparison of ignition kernel volume at
t = 90 us and the corresponding chemical heat release during the
plasma assisted H,/air ignition process with different peak pulse
voltages. The ignition kernel volume is defined as the integration
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of the volume with a temperature rise of 400 K above the initial
temperature. The total heat release is integrated over the whole
computational domain during 90 ws. The results show that al-
though the ignition kernel volume and total heat release change
slightly from 5000 to 4000 V, they decrease noticeably when the
peak voltage is below 4000 V at the same discharge energy 0.4 mJ,
indicating that the efficiency of ignition by pulsed discharge is re-
duced with the voltage decrease. This decrement further acceler-
ates when the peak pulse voltage drops below 3000 V. As it will be
discussed later, the decrease could be explained by discharge en-
ergy redistribution from electronically excited to vibrationally ex-
cited species production at low E/N (see, for example, discussion
in [2]).

Figure 8 shows the time evolutions of E/N with different volt-
ages at the coordinates of (R = 1 mm, Z = 5 mm), which is lo-
cated at the center of the discharge gap in the vertical direction
of the outer electrode edges. The results show that with a lower
input voltage, the E/N in the discharge gap decreases and the tran-
sition to the spark takes a longer time. The active species produc-
tion during the nanosecond discharge is mainly dominated by the
main, most powerful, stage of the discharge after the streamers
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bridge the gap. The comparison of active species (such as electrons,
N,(B), O('D), H, O and N,(v = 1)) mole fractions at the location of
(R =1 mm, Z = 5 mm) with different pulse voltages is shown in
Fig. 9(a)-(f). Figure 9(a) demonstrates that at U = 5000 V a high
concentration of electrons can be produced in a short period of
time when discharge develops at high E/N and more discharge en-
ergy is deposited to ionization. The peak mole fractions of elec-
tronically excited species N»(B) and O('D) produced in plasma are
similar between 4000 and 5000 V (the corresponding E/N value
after bridging the gap is between 210 and 270 Td). However, for a
peak pulse voltage below 3000 V, especially at 2000 V, the results
show that the maximal mole fractions of N,(B) and O(D) decrease
significantly during the discharge phase while the vibrationally ex-
cited molecule N,(v = 1) becomes the major species generated in
plasma as more energy is deposited to the vibrational degrees of
freedom. The production of other electronically excited states of
N, (A), Ny(a’) and N,(C) also decreases below U = 4000 V. The peak
concentrations of H and O atom do not vary significantly because
all the calculations were done for the same total discharge energy
and the efficiency of the radicals’ production depends on E/N value
only (Fig. 9). The major part of the discharge energy release hap-
pens during the high-current stage. E/N values in different regimes
vary from 105 to 270 Td, which are close to the optimal conditions
for molecules dissociation by electron impact in fuel-air mixtures
[25]. However, it still can be observed that the H and O concen-
trations at low voltages, especially at 2000 V, are lower compared
with the results at high voltage conditions, reflecting a small dis-
sociation efficiency increase at higher E/N. As a result, the ignition
efficiency by pulsed discharge is reduced at low pulse voltage. This
comparison indicates that the enhancement in ignition kernel de-
velopment by the vibrational excitation of N(v = 1) through slow
gas heating by VT relaxation is less efficient than the excitation
of electronically excited species and the dissociation of H, and O,
in producing radicals via kinetic enhancement pathways. The same
results were obtained in previous works (see review [2]). It was
shown that the relative efficiency of non-equilibrium dissociation
and ionization of the gas compared to the efficiency of the heating
of the mixture could be as high as 100. In paper [89], the optimal
range of the E/N values for plasma enhanced ignition was indicated
as E/N ~ 200-300 Td, which is in a good agreement with the re-
sults of present work.

The corresponding thermal heating cases were compared with
the plasma assisted ignition cases at different voltages. The elec-
trode diameter and gap size of the cylindrical electrodes are
2.0 mm. It is assumed that the discharge energy deposited in
the discharge channel is completely converted into gas heating
without the radicals’ formation. The results showed that the
thermally-equilibrium ignition using the same amount of energy is
impossible in all the range of parameters analyzed. This indicates
the dominant roles of kinetics effects of plasma in ignition en-
hancement at initial temperatures close to the self-ignition thresh-
old.

3.3. Effects of electrode geometry and heat loss on ignition

Besides the voltage effects, the electrode geometry also affects
discharge properties and further ignition enhancement. In this sec-
tion, the effects of electrode shape, electrode diameter, discharge
gap size, and heat losses on the discharge development and igni-
tion enhancement were studied.

3.3.1. Electrode shape

For the analysis of the electrodes’ shape influence the plasma
assisted ignition modeling was also conducted for parabolic and
spherical shapes of electrodes. The minimum gap size remained at
2 mm. The length of parabolic or spherical parts of electrodes was
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1 mm and the rest body of electrode remained cylindrical with a
diameter of 2 mm, as shown in Fig. 10. The discharge voltage was
kept at U = 5000 V with the rise time of 2 ns and the total de-
posited energy of 0.4 m].

Figures 10(a), (b) present the time evolution of electron num-
ber density and gas temperature during plasma assisted H,/air ig-
nition with parabolic and spherical electrodes. Compared with the
flat head cylindrical electrodes, Fig. 10 shows that bridging the
gap takes a longer time for the parabolic electrodes, followed by
the spherical electrodes. The maximum E/N values after bridging
the gap are similar for different electrode shapes due to the same
discharge gap size. However, compared with the wide discharge
channel and lower electron density produced between the cylin-
drical electrodes (Fig. 3(c)), a very narrow discharge channel with
higher electron density is formed for the parabolic and spheri-
cal electrodes. The maximum electron density for the parabolic
and spherical electrode discharge gaps is ne = 8.79x10'® and
5.33x10'® cm=3 respectively due to higher specific energy de-
posited into plasma, compared with the ne = 1.73x106 cm—3
for cylindrical electrodes. Correspondingly, higher electron number
density leads to faster production of excited species and radicals
by electron impact during the discharge phase. From the tempera-

1

ture profiles (Fig. 10), it is observed that small ignition kernels are
quickly formed at the tips of anode and cathode. Then, the ignition
kernel propagates towards the unburned gas region from these hot
spots.

Figure 11 shows the time evolutions of ignition kernel volume
with different electrode shapes at U = 5000 V. The formation
of initial flame kernel with parabolic and spherical electrodes is
faster than in the case of cylindrical electrodes at t < 30 us. This
fast ignition occurs because of higher active species concentration
and higher temperature in the narrow discharge channel near the
axis of the discharge gap, as shown in Fig. 12. However, after the
formation of initial ignition kernel at t > 40 us (see Fig. 3(f)), the
flame development in the case of cylindrical electrodes exceeds
both cases of parabolic and spherical electrodes. These longer
ignition delay time and faster flame development in the case of
cylindrical electrodes are explained by smaller peak concentration
of active species and smaller temperature increase, but much
larger discharge volume (Fig. 12). This indicates that in addition
to the electric field, a larger discharge volume with active species
production is also critical to the ignition enhancement by plasma.
It is interesting to note that when considering the heat loss from
electrodes, the ignition kernel volume of parabolic electrodes is
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Fig. 12. Spatial distributions of atomic oxygen mole fraction and gas temperature at
the center of electrode gap (Z = 5 mm) along R-axis for different electrode shapes
at t = 10 ns after the discharge start.

bigger than that of spherical electrodes, while in the adiabatic
case the ignition kernel is bigger for spherical electrodes. This is
because a larger electrode surface area absorbs more heat from
the flame kernel via convective heat transfer.

Heat loss on the electrodes leads to the quenching of ignition
kernel. Compared to the adiabatic temperature profiles in Fig. 3(f)
with the electrode diameter D = 2.0 mm, Fig. 13 shows the time
evolution of gas temperature during plasma assisted H,/air ignition
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taking into account the heat losses to electrode. It can be seen that
the ignition kernel is quenched at the electrode surface and the de-
velopment of ignition kernel is decelerated. The final ignition vol-
ume at t = 90 us in Fig. 13 is by 14% smaller, demonstrating the
effect of heat losses on the ignition development.

3.3.2. Electrode diameter
In this section, the effect of electrode diameter on ignition was
studied. The modeling was performed using cylindrical electrodes
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Fig. 13. Time evolution of gas temperature during plasma assisted H,/air ignition with heat loss at U = 5000 V.
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Fig. 16. Time evolutions of ignition kernel volume and total heat release with electrode diameter D = 1.0, 1.8 and 2.0 mm at U = 5000 V.

with the gap size of 2 mm. The electrode diameter was varied from
1.0 to 2.0 mm. The applied voltage was U = 5000 V and the same
deposited energy of 0.4 m] was applied for all conditions.

Figure 14 shows the ignition kernel volume at t = 90 us for the
different diameters of electrodes D. The calculations are conducted
at the conditions with and without the heat loss to the electrodes.
The results show that in the adiabatic case the maximum ignition
kernel volume during 90 us was reached with the electrodes’ di-
ameter D = 1.8 mm. Note that the heat loss to the electrodes re-
duces the optimum electrode diameter to D = 1.4 mm, indicating
that the heat loss increases significantly with the electrode diame-
ter and electrode surface area.

To illustrate the effects of electrode diameters on species pro-
duction and temperature during the discharge and in ignition pro-
cess, the analysis of plasma properties and active species produc-
tion is conducted at the condition without heat loss. Fig. 15 shows
the modeling results of electron number density at the end of the
discharge phase and the temperature profile at t = 30 us for the
electrode diameter of D = 1.0 and 1.8 mm, respectively. The elec-
tron density is higher in the case D = 1.0 mm (Fig. 15(a)) due
to smaller diameter of the plasma channel and higher value of
the specific energy deposited (compare also with the results at
D = 2.0 mm shown in Fig. 3(c)). Therefore, the initial ignition ker-
nel is formed in the discharge gap faster when the electrode diam-
eter is smaller, as shown in Fig. 15(b).

Figure 16 shows the time evolution of ignition kernel volume
and total heat release for different electrode diameters of D = 1.0,
1.8, and 2.0 mm. The results show that the growth of initial kernel
volume (t < 30 ws) is faster for the electrode diameter of 1.0 mm.
However, the ignition kernel volume for D = 1.8 mm becomes the
largest after t = 45 us. For the electrode diameter of 2.0 mm, the
ignition kernel volume and heat release at t = 45 s exceed the
results at D = 1.0 mm, but still remain lower than those that for
D = 1.8 mm. Even though a larger discharge volume is generated
in the case of D = 2.0 mm, the lower active species concentrations
and smaller temperature increase produced by discharge deceler-
ate the ignition development. Fig. 17 shows the spatial distribu-
tions of atomic oxygen and temperature at the center of electrode
gap (Z = 5 mm) with different electrode diameters at t = 10 ns
after the discharge start. Higher concentration of active species is
generated for D = 1.8 mm and leads to the maximum ignition en-
hancement with the same discharge energy. The discussion above
indicates that an optimum electrode diameter exists at which the
maximum ignition enhancement could be achieved.
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Fig. 17. Spatial distribution of atomic oxygen and gas temperature at the center of
electrode gap (Z = 5 mm) along R-axis for different electrode diameters at t = 10 ns
after the discharge start.

3.3.3. Electrode gap size

In this section, the plasma assisted H,/air ignition with differ-
ent electrode gap sizes L was studied. The electrode shape was
cylindrical with the diameter of D = 2 mm. The gap size was var-
ied from 0.6 to 2.0 mm. The applied voltage was U = 2000 V
to avoid very high E/N in a small gap. The deposited energy was
0.4 mJ for all calculations.

Fig. 18 shows the ignition kernel volume at t = 90 us for differ-
ent electrode gap sizes. The results show that the ignition kernel
volume increases with the gap size decrease, and reaches its max-
imum at L = 0.8 mm without heat loss. Further decrease of the
gap size decreases the ignition kernel volume. With heat loss, the
optimum electrode gap size becomes L = 1.0 mm. Thus, the heat
loss limits the ignition kernel development at small gap size.

Figure 19 presents the 2D modeling results of atomic oxygen
mole fraction at the end of the discharge phase and gas tempera-
ture distribution at t = 30 us for gap size of 0.6, 0.8 and 2 mm, re-
spectively, for a zero heat loss case. The results show that the igni-
tion kernel was developed quickly for gap size of 0.6 and 0.8 mm.

The ignition development is affected by both the discharge vol-
ume and species concentrations produced in plasma. The decrease
of electrode gap size results in more discharge energy deposited
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into a smaller volume and an increase of active species concen-
trations in the gap. In addition, the change of electrode gap size
also affects the E/N values and species production in the dis-
charge. Figure 20 shows that the time evolutions of E/N at the
coordinates of (R = 1 mm, Z = 5 mm). The E/N increase fur-
ther promotes the production of electronically excited species and
radicals which are more efficient in ignition enhancement than
vibrationally and rotationally excited species produced at low E/N
conditions. For the active species production in plasma, Fig. 21
shows atomic oxygen mole fraction and temperature along R-axis
at the center of electrode gap (Z = 5 mm) with different electrode
gap sizes at t = 150 ns after discharge start for all conditions. The
atomic oxygen mole fraction near the electrode edges for a gap
size of 0.8 mm is about 5.7 times higher compared with the 2 mm
gap. When the gap size drops below 0.8 mm, the decrease of dis-
charge volume turns to be the dominant factor and decreases the
efficiency of ignition.

4. Conclusion

This work investigated the effects of non-equilibrium excita-
tion and electrode geometries on H,/air ignition in a nanosec-
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Fig. 20. Time evolutions of E/N at the location of (R = 1 mm, Z = 5 mm) at
U = 2000 V.
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ond plasma discharge by two-dimensional simulation. By inte-
grating the BOLSIG+ electron kinetics solver, 2D PASSKEy plasma
solver and the unsteady, compressible and multi-component re-
active flow solver ASURF+, a new multi-scale adaptive reduced
chemistry solver for plasma assisted combustion (MARCS-PAC) was
developed.

The effects of non-equilibrium plasma excitation, discharge gap
geometry and heat loss on the ignition kernel development were
studied using this model with detailed combustion chemistry
and transport. The results show that the production of electroni-
cally excited species (N5(A), N5(B), Ny(a’), N5(C), and O('D)) and
ground-state atoms H and O at high reduced electric field signifi-
cantly promote the ignition kernel development. Vibrational exci-
tation is less efficient than the electronical excitation and dissocia-
tion. Fast gas heating mechanism plays a major role in temperature
increase during nanosecond discharge phase and early afterglow.

The non-uniform distributions of plasma properties and active
species, such as E/N and temperature, as well as electrons, ex-
cited species and radicals are demonstrated by the 2D simula-
tions. The localized discharges initiated near the sharp edges of
electrodes generate ‘hot spots’ with high concentration of active
species, higher temperature and promote the ignition kernel de-
velopment.

It was shown that the plasma-assisted ignition is significantly
affected by the electrode geometry including electrode shape, di-
ameter and gap size because of the redistribution of the electric
field and the plasma density. A larger discharge volume and further
ignition kernel volume are formed with the cylindrical electrodes
compared with the parabolic and spherical head tops, indicating
that a larger discharge volume with active species production is
also critical to the ignition enhancement in addition to the electric
field. It was shown that the optimal discharge gap geometry al-
lows reaching the maximum ignition enhancement with the same
discharge energy.

Finally, it was shown that the heat loss through electrodes sig-
nificantly slows down the ignition kernel development. The igni-
tion kernel volume is significantly reduced at a larger electrode
surface area, electrode diameter and smaller electrode gap size.
This conclusion modifies the optimal electrodes’ geometry for the
efficient ignition enhancement, and increases the non-monotonic
dependence of ignition dynamics on the discharge gap geometry,
high-voltage pulse amplitude and duration.
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