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Abstract

®

CrossMark

The plasma-fluid multi-physics process of a spark plasma jet igniter is studiednumerically. The
plasma discharge, gas heating, mass, and heat transfer processes in one working cycle are
modeled and analyzed. Gas discharge starts inside the igniter, the ‘ladder-like’ dielectric wall
structure promotes the transition of a volumetric discharge to a surface discharge, establishing a
conductive path between the electrodes over a timescale of tens of nanoseconds. Once the
electrodes are short-circuited, a new spark-arc discharge channel forms, heating the gas up to
7000-10 000 K in the discharge channel and 2000—4000 K in the igniter. The gas molecules are
dissociated and pushed out of the igniter, forming a ‘heating core’ with high temperature
(2000-3000 K) and chemical activity following a wavefront propagating with a velocity of
750-875 ms~!. The calculated evolution of the heating core agrees well with the ICCD
measurements. It is found that the ‘ladder-like’ structure does not affect the penetration depth or
expansion radius of the heating core, but leads to a complex vortical flow that allows for

chemical activity species to be brought out into the ambient gas.

Keywords: plasma, numerical model, spark jet igniter, multi-physical process

(Some figures may appear in colour only in the online journal)

1. Introduction

Combustion starts with the ignition. A common way to ignite
combustive mixtures is to energize the gas/fuel mixture with
electrical discharges. By applying high voltage pulses to the
electrodes of an igniter, a gas discharge plasma region filled
with large quantities of heat and energetic charged particles
(e.g. electrons, ions, excited molecules and radicals, etc) will
be generated to launch the combustion processes. The effects
of gas discharge plasma on combustion and ignition have been

* Authors to whom any correspondence should be addressed.

1361-6463/22/035201+18$33.00

summarized as three categories [1]: the thermal effects, the
chemical effects, and the transport effects. There exist several
kinds of igniter types, for example, the thermal-effect-based
spark plug igniter, the chemical-effects-enhanced nanosecond
pulse plasma igniter [2, 3], and the plasma spark jet igniter
[4, 5], etc.

The plasma spark jet igniter is a promising igniter config-
uration as it combines the aforementioned three effects. The
working procedures of a spark jet igniter are very similar to
a plasma synthetic jet actuator used in the field of plasma-
assisted flow [6-11]. A typical spark jet igniter consists of a
discharge chamber with one side open that contains two elec-
trodes separated by an insulator. By applying a high voltage

© 2021 IOP Publishing Ltd  Printed in the UK
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pulse on the electrodes, the gas in the chamber will be heated
and dissociated by the high-temperature plasma discharge,
forming a jet flowing out for ignition.

Numerical models are essential for the design and optimiza-
tion of the igniter. However, the multi-physics processes coup-
ling gas discharges, fluid dynamics, and combustion chemistry
make simulation a challenging task. A series of models coup-
ling nonequilibrium plasma and fluid flow have been built to
study plasma synthetic jet actuators [12] and surface dielec-
tric barrier discharge actuators [13, 14]. Nusca et al [15] sim-
ulated the reaction kinetics of a plasma jet after discharge and
described the main characteristics of the jet. The discharge
process is neglected. Simulation of the spark ignition was con-
ducted by Thiele et al [16], taking into account the reaction
and transport of charged particles. Recently, the nanosecond
spark plug was also self-consistently modeled, coupling gas
discharge and combustion processes [17, 18].

The spark jet igniter, however, has not yet been fully stud-
ied. Only a reference analytical model can be found in [9],
which predicts only the hydrodynamic effects of a plasma syn-
thetic jet actuator with a similar geometry to the spark jet
igniter. The work aims to build a multi-physics model describ-
ing the discharge plasma and gas hydrodynamics inside the
spark jet igniter in a self-consistent manner. With the help of
this model, the properties of gas discharge propagation and
heating, the evolution of the heating core, and the influence of
geometry are also studied.

2. Model description

2.1 The geometry and working process

The schematic of the spark jet igniter and the simplified geo-
metry for modeling are plotted in figures 1(a) and (b). The
igniter consists of a cathode at the bottom, an anode around
the orifice, and dielectric insulation separating the two elec-
trodes. The external radius of the igniter is 9.5 mm. The radius
of the outlet is 4 mm and the depth of the cavity is 10 mm.

The schematic of the igniter discharge experiment system
is presented in figure 2. A home-made power supply is used
to generate a peak-to-peak voltage of 8 kV, the stored energy
of each cycle is 12 J and a maximum discharge frequency of
10 Hz. A digital oscilloscope (Tektronix DPO4104), a 75 MHz
high-voltage probe (Tektronix P6015A) and a 120 MHz cur-
rent probe (Pearson 6600) were used to record the voltage and
current profiles. A high-speed camera (Phantom v2512) was
used to capture the evolution of the ‘bright” heating core.

The voltage and current waveform of the spark jet igniter
in one discharge cycle are measured and plotted in figure 3.
The working process of the spark jet igniter can be divided
into three stages: the discharge propagation stage, the heating
stage and the jet stage:

(i) The discharge propagation stage (0—56 ns): the voltage
rises sharply to 3000 V in tens of nanoseconds, leading
to the initiation of streamer discharges.

(i) The gas heating stage (56 ns—14 us): once a conductive
path is established between electrodes, the voltage drops

quickly back to 500 V. starting from this stage, the current
value and energy deposition increase quickly.

(iii) The jet stage (56 ns—18 us): the heated gas expands and
flows out of the igniter in the following tens of micro-
seconds. In this time duration, we mainly focus on the
hydrodynamic responses and mass transport outside the
igniter, as the gas heating characteristics are decoupled and
precalculated in stage (ii).

In the discharge propagation stage, the discharge is in a
state of thermal and chemical nonequilibrium; the gas heating
stage can be considered as an equilibrium arc discharge with
gas heating following Ohm’s law; in the jet stage, the focus
is the hydrodynamic expansion of the reactive flow and cor-
responding reactive species. In this work, we simulate these
stages separately and couple each stage by defining the initial
distribution of temperature and pressure for the next stage.

2.2. Equations for the discharge propagation stage

The nonequilibrium plasma generated during the discharge
propagation stage is modeled using the plasma solver PASS-
KEy (PArallel Streamer Solver with KinEtics) [19]. The
detailed numerical method and validations can be found in
[20, 21]. In this work, we briefly introduce the equations
solved.

A set of drift—diffusion equations are solved for the charged
particles:

87’1,‘
ot

+V'I‘i:Si+Sph7i:17273a"'7NIOlala (1)

Fi = _Divni - (|%) ,uiniv¢7i = 1a2a3a cee 7Ncharge; (2)
qi

where #n; is the number density of species, g; is the charge of
species and S; is the source term of detailed chemical reactions.
Sy is the photo-ionization source term. D; and y; are the dif-
fusion coefficient of an electron and the mobility of charged
species i, which are tabulated before calculation. Photoioniza-
tion affects the propagation and morphology of the volumetric
streamer. An efficient photoionization model based on three
exponential Helmholtz equations [22, 23] is used to calculate
Sph-

The kinetics scheme is the same as that in [24], which is a
combination of a kinetics scheme used for streamer propaga-
tion [25] and fast gas heating (FGH) [26]. In total, 15 species
(electron, Ny, No (A’ ), Na(BYTI ), No (C°T, ), NJ, N, O,
0,0('D),05,0;,07,0; ) and 34 reactions are considered.
The combustive mixture is not taken into account in this study
for the following reasons:

(1) theigniter studied in this work must be installed on the wall
of a combustion chamber perpendicular to the flow direc-
tion, the gaseous fuel can hardly enter the igniter cavity
in the flow field, as the cavity pressure is relatively higher.
Thus, we assume there is no combustion reaction inside the
igniter, the ignition process is triggered mainly outside the
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Figure 1. The schematic of the spark jet igniter model. (a) The 3D view of the igniter computational domain. (b) The 2D view of the
structure (left of the z-axis) and computational domain (right of the z-axis) of the igniter.
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Figure 2. Schematic of the experimental setup.

cavity when the heated gas flows out, forming an ignition liquid. The fuel steam is supplied outside the igniter but its
kernel; density is rather low in the cavity;

(i) The combustive species, before the gas is heated, are usu- (iii) This igniter is designed to ignite macromolecular ker-
ally large molecules in liquid state. The major component osene (for example C5-C12) in engines, however, the ele-
of gas is air instead of spray fuel cloud, which is mainly mentary data (cross sections, reaction rates and kinetics
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Figure 3. The measured voltage and current waveform of the spark jet igniter in one discharge cycle.
schemes) for these macromolecules (steam in the gas state) p [ pu pv
are still under development. v | | p_| o _ puy
v |’ puv ’ p+pw |’
The mean e}ectrf)n energy is calculated based on local mean e | (e+p)u (e+p)v
energy approximation (LMEA) [21]:
[0
O(n.en)
—yvem; . = — . .E — 0
L Sheat
Fe = _neemMeE - Dev(neem)a (4)

where n, is the electron number density, €, is the mean elec-
tron energy, I'¢ is the flux term, pu. and D, are the electron
energy mobility and diffusion coefficients respectively. g, is
the elementary charge and E is the electric field, P(e,, ) repres-
ents the electrons collision power lost calculated by BOLSIG+
software [27-29].

Poisson’s equation is solved for the electric potential and
field:

V(e0e, V) = —Sp gin;, (5)

E=-Vo, (6)
where ¢ is the permittivity of vacuum space, ¢, is the relative
permittivity of air.

Euler equations are used to solve viscid fluid flow dynamics
for gas temperature evolution:

oU OF 0G

o o E_S’ @)

where p is the density of gas, different from charged particle
densities solved in equation (1), p is the gas pressure, u and
v are the velocity components, e is the total energy, Sheat
is calculated through the sum of the FGH energy released
mainly through quenching of excited species [24]. The FGH
is the major heating source in the nanoseconds timescale. The
electro-hydro dynamics force is not considered.

The closure model used for the Euler equations by gas state
equation:

pP= (’7 - l)pia )

where i = e — (u? +v?)/2 is the specific internal energy, 7 is
the specific heat ratio.

The details of the coupling between flow and plasma is
illustrated in [30]. In short, the coupling can be described as:

(i) For weekly ionized plasma, most species (excited species
and charged particles) are rather low in concentration and
are not coupled. O atoms, N2 and O2 are chosen to be
coupled.
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(i1) In each time step, the densities calculated by the plasma
equations are transferred to the fluid equations, for each
coupled species we solve a continuity equation, and the
sum of the density is used for the momentum equation.

(iii) The updated density is then transferred back to the plasma
equation for calculation of E/N et al. At the end of the dis-
charge propagation stage, the plasma will transition from
streamer discharge mode to spark discharge mode, that
is, a plasma channel will be formed between cathode and
anode [31].

2.3. Equations for the gas heating stage

After the conductive plasma channel was established, the dis-
charge soon transforms into the equilibrium arc in a micro-
second time scale. Modeling the streamer—spark—arc transition
from nonequilibrium to equilibrium mode is still a challenging
task not well solved. Pioneering works modeling the thermal-
ization can be found in [11, 17]. In our work the thermal dis-
charge lasts a much longer time, requiring a quite large change
in the model (from a two-temperature model with fixed EEDF
to a single temperature model with the magnetic field, thermal
chemistry and strongly changed EEDF), thus we skip the trans-
ition moment, the commercial software COMSOL Multiphys-
ics is used for the thermal arc gas heating stage. Navier—Stokes
equations and electromagnetic equations are solved in this
stage:

0

En (10)

0
ﬂ—i—pu-Vu:V-{—pl—k[u(Vu)—i-

2 (Vu)"]} +j % B,

Y

aT,
pC,,?tg +(pCyV Ty -u) — V (k- VTy) = Q)+ Qroute + O

+ Qrad + T Vu7
(12)

where p is the density and u is the velocity of the fluid. p is
pressure, p is the viscosity of the fluid, I is the identity mat-
rix and F; =j x B is the Lorentz Force term contributing to
the momentum conservation equation. C,, is the specific heat
capacity of the gas, T, is the gas temperature, k is the thermal
conductivity.

The energy source terms include: the pressure power O,
the Joule heating term Qy,,;. =J - E, the enthalpy transfer term
Oy, and the radiation power Q,,q = 47e,. €, is the radiation
coefficient per unit volume [32], T : Vu is the viscous dissip-
ation term.

Electromagnetic equations are solved to provide the mag-
netic and electric field:

13)

(14)

Table 1. Boundary conditions in gas heating stage.

Fluid Heat Electric Magnetic
field transfer field field
Cathode 0 n-VT=0 P nxA=0
Wall 0 n-VT=0 n-Vo=0 nxA=0
Anode 0 n-VT=0 V=0 nxA=0
Outlet p=1atm n-V7=0 n-Vo=0 nxA=0
n is the unit vector perpendicular to the boundary.
V.j=0, (15)
V % B =y, (16)

where o is the electrical conductivity and B is the magnetic
induction, B = V X A. A is the magnetic vector potential. The
gas physical parameters (p, Cp, k, o) are taken from the gas
discharge plasma database (GPLAS) [33]. The boundary con-
ditions used by the model are shown in table 1.

The boundary condition for electric field at the cathode is
set according to the mean power P calculated from voltage and
current waveforms, see equation (17):

Tend
P= / Uldt/ (tend — tstart)- a7
1,

start

The electron number density is not solved in the gas heat-
ing (or arc discharge) stage, but can be roughly estimated from
the electrical conductivity assuming local temperature equilib-
rium (LTE):

(18)

where p, is the electron mobility which is calculated by
BOLSIG+ [34], e is the basic charge and n, is the electron
density. The electrical conductivity is a derived quantity that
depends on the electron mobility y, and electron number dens-
ity n., but under the LTE assumption, the electrical conduct-
ivity can be considered as a function of gas temperature and
pressure [35, 36]. The data can be calculated and stored in
databases (e.g. the GPLAS). This estimation method is rough,
especially in the non-LTE region of the computational domain.

2.4. Equations for the jet stage

The jet stage is also studied within the framework of
COMSOL Multiphysics. The evolution of species is calcu-
lated taking into account chemical reactions. Drift-diffusion
equations for each species are solved:

6n,~
ot

+V-I‘i—|—V~(uni):S,-, (19)
where I'; = —D; Vn; is the diffusion flux of species i, S; is the
source term determined by reaction coefficients k and species
number density n, D; is the diffusion coefficient [37]:
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Table 2. Boundary conditions in the jet stage.

Fluid flow Heat transfer Flux
Cathode 0 n-VI=0 —n-T';=0
Wall 0 n-VT=0 —n-I'i=0
Anode 0 n-VT=0 —n-I'i=0
Outlet p = latm n-VT=0 —n-n=0

n is the unit vector perpendicular to the boundary.

-7
Di= ———1—, (20
Zj;éi(xj/Dij)
1 m;
D; = CT*/? /mi Q1)

poFQ(1,1)*

where Dj; is the binary diffusion coefficients, Y; is the mass
fraction of species i, X; is the mole fraction of species j. C =
1.883 x 1072, my; = ;"7 is the reduced mass of the species i
and j, oj; is the characteristic length [37], (1, 1)* is the colli-
sion integral which depends on the gas temperature taken from
[38].

The momentum conservation equation and energy conser-
vation equation in the gas heating stage are modified for the
compressive flow and reactive flow:

0
%tu +pu-Vu=V-{—pl+[u(Vu) + (Vu)']
2
2w u)I} , 22)
aT,
pcpﬁ + (pCpVTg . u) — V(k . VTg) = Qp + Qreaction

+7:Vu, (23)
where Qreaction 1S the heat source term contributed by detailed
chemical reactions presented in table 3. In the jet stage we do
not solve for the Joule heating term. The boundary conditions
are summarized in table 2.

A simplified chemistry scheme is used for this stage. The
chemistry set is retrieved from [39] and presented in table 3.
The scheme includes the main reaction pathways for the pro-
duction of O atoms due to air pyrolysis in the high-temperature
region.

2.5. Heat sources and assumptions in the model

The physical processes and corresponding models differ, here
we clarify the heat sources used and major assumptions made
in each stage.

The heat source terms for equations (8), (12) and (23) are
summarized as follow:

(i) The discharge propagation stage: the source term is cal-
culated by summing the enthalpy changes of all the FGH
reactions, the relaxation of vibrationally excited states are
not included in this short time scale.

(i) The gas heating stage: we assume the plasma is LTE, the
source term consists of the pressure power, the Joule heat-
ing power, enthalpy transport, radiation power and viscous
dissipation loss.

(iii) The jet stage: we solved a convection-reaction system,
the source term consists the pressure power, reaction heat
power and viscous dissipation loss.

The assumptions made for stages (i), (ii) and (iii) are:

(i) The discharge propagation stage:

(a) The plasma is in chemical and thermal nonequilibrium.
The EEDF, electron swarm parameters are precalcu-
lated based on LMEA and the two-terms Boltzmann
approximation.

(b) The fluid dynamics is solved based on Euler’s
equations. The effect of viscosity can be neglected in
the short time period.

(ii) The gas heating stage:

(a) The plasma is in thermal equilibrium. The spark-to-arc
transition is skipped, as the temperature increase and
molecules dissociation occurs mainly in the arc stage
in this igniter.

(b) The fluid dynamics is described based on N-S
equations. The flow is viscous and laminar.

(iii) The jet stage:

(a) The plasma discharge process in the jet stage is not
considered. Only the hydrodynamic responses and
mass transport outside the igniter are studied with
input of the gas heating characteristics from stage (ii).

(b) The fluid dynamics is described based on N-S
equations, too. The flow is also viscous and laminar:
the turbulent effects are not considered due to the
regions with high Reynolds number is limited in the
shock front, after the shock the turbulent effects can
be neglected.

3. Results and discussions

The discharge characteristics, the flow responses and their
coupling will be discussed in this section to reveal how a spark
jet igniter works over a single work cycle. The role of geo-
metry design on the performance of the igniter is then dis-
cussed based on the modeling results.

3.1. The streamer and arc discharge evolution

The discharge characteristics differ in the period before and
after the discharge gap closing. The evolutions of electron
density and electric field during discharge propagation are
shown in figures 4(a)—(d) and 5(a)-(d), respectively. A dis-
charge streamer starts from the edge of the cathode at the bot-
tom, directed towards the anode in the first 20 ns (figure 4(a))
with a peak field of 400-500 Td in the ionization head
(figure 5(a)). It is important to note that the applied voltage
to this igniter is no larger than 3 kV, while usually a voltage
of tens of kilovolts is required to close the gap between the
anode and cathode at atmospheric pressure: e.g. for a 1 cm
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Table 3. Chemical process taken into account in the jet stage.

Chemical process M Rate coefficient® (k=A-T° - exp’E/ RTy

N, + O, < 2NO / ki = 9.1 x 1024725~ 128500/RT

N, +O0«+ NO+N / ky =7 x 10247 25¢—128500/RT

0, +N+NO+0 / k3 = 1.34 x 10'07" ¢~ 7080/RT

0 +M < 20+M N,NO ks = 2.5 x 10" 7% (118000/RT)"- e~ " 18000/RT
0, +M+<20+M N, k4

0,4+M < 20+M 0, Oky

0,+M < 20+M 0 25k

N2 +M 2N+ M NO,0,0, ks =1.7 x 10"27°3(224900/RT)'e~22*°0/KT
Ny +M < 2N+M N, (4.2/1.7)ks

N, +M < 2N+M N (3.2/1.7)ks

NO+M&N+O+M  O3,Np ks = 7.0 x 10'°7°3(150000/RT)%e~ 13000/ KT
NO+M+N+O+M  NO,O,N 20k

* The reference of chemical process and reaction rate coefficients is paper [39].
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Figure 4. The electron density distribution in the discharge propagation stage. The red parts represent the cathode and anode and the blue

part represents the dielectric wall. (a) t =20 ns, (b) t =32 ns, (¢c) t =44 ns, (d) 1 =56 ns, unit: m™".

gap, 13 kV is required to breakdown in a pin-to-plane config-
uration [40], the 3 kV voltage cannot sustain the streamer to
penetrate the gas gap between two electrodes. As a result, after
the streamer head propagates 2—3 mm, it stops, changes its dir-
ection and attaches to the insulating dielectric at about 32 ns,
see figure 4(b).

The attachment of a volumetric streamer to the insulat-
ing dielectric has been numerically explained in a recent
work [41]: the dielectric is polarized due to the strong elec-
tric field in the streamer head, as a result, the electric field
between the streamer and the insulating dielectric is enhanced.
In this work the motion of charges inside the dielectric is not
solved, the streamer will still attach to the dielectric when the
electrons in the gap between the dielectric and the streamer
body are attracted into the streamer due to net charge in the
streamer head. We would prefer the statement ‘the gas between
the dielectric and the streamer head is polarized due to the
strong electric field’.

3

After the attachment, the discharge propagation process
is dominated by the surface discharge: the surface discharge
exhibits a much thinner streamer and higher electric field in
the head (figures 5(b) and (c)), making it possible to continue
propagating towards the anode, see figures 4(b) and (c). Once
the surface streamer approaches the cathode, a positive sur-
face streamer forms near the edge of the anode, and propagates
for about 1 mm and connects the negative streamer to form a
closed plasma channel at 44 ns, as can be seen in figure 4(c).
Here we clearly see that the specially designed dielec-
tric shape can significantly reduce the breakdown voltage
between electrodes, or the starting voltage of a sparkjet
igniter.

Once the electrodes are connected by the plasma, the
remaining electric field on the level of 100-150 Td is still high
enough (than the ionization threshold field of air 120 Td) to
ionize the gas in the discharge channel, leading to the forma-
tion of a spark discharge after 56 ns, as is shown in figure 4(d).
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It is interesting to see that, the shape of the spark channel does
not reproduce the previously formed surface streamer channel,
instead, the spark discharge connects the two electrodes fol-
lowing the shortest route. An intensified volumetric discharge
with a maximum diameter of 170 pm is formed. The surface
streamer provides the seed electrons for the secondary volu-
metric discharge, making the secondary discharge looks quite
‘thick’ in the cavity. We zoomed in on the volumetric and sur-
face discharge region and plotted the temporal evolution of the
electron density and current in figure 6.

It is seen that the electron density increases twice in
the volumetric discharge channel, the first caused by the
preionization from surface discharge and the second due to

the gap closing. As the ‘spark’ forms, the current increases
dramatically. With the further increase of the voltage, the spark
discharge will get intensified, and finally transit into a thermal
arc.

The electron density and reduced electric field in the arc
stage are estimated using equation (18) in figure 7. The elec-
tric field ranges from 25 to 160 Td, much lower than that in
the discharge propagation stage. The discharge kinetics at this
stage is dominated by temperature instead of the electric field
or the electron energy. Note that we can see a ‘streamer-like’
evolution of electron density and electric field in the arc stage,
but in the arc stage the ‘propagation’ of the high electron dens-
ity region and the strong electric field head is not caused by
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charge separation of electrons and ions, but by the expansion
of the heated/high conductivity region.

The discharge propagation process plays the role of con-
necting the two electrodes in tens of nanoseconds and forming
a high conductivity region. Then the majority of the energy is
transferred into the gas in tens of microseconds in the spark—
arc discharge along the high conductivity region. The direct
consequence of the discharge in the igniter is gas heating and
chemical reactions. The following section will discuss in detail
the characteristics of gas heating and the reactive jet.

3.2. Hydrodynamics evolution of the heating core

In this section, we focus on the fluid response caused by igniter
discharge, including the evolution of jet temperature, pressure,
mass and O radical density. Temperature is the key parameter
linking the discharge propagation stage, the gas heating (arc
discharge) stage and the jet stage. The spatial-temporal evol-
ution of the temperature in both stages have been plotted in
figures 8(a)—(d) and 9(a)—(d).

In the streamer discharge propagation stage in the first
56 ns, the deposited energy is 2 mJ, 0.1% of the total depos-
ited energy. The electron energy is transferred into the gas
molecules mainly through the fast quenching of excited nitro-
gen molecules by oxygen molecules. The fraction of dis-
charge energy converted to gas heating depends on the electric
field in the plasma channel. In the studied case (E/N = 150-
200 Td), the efficiency is at the level of 20%—25%, leading to
arapid gas temperature increase of 70 K in the streamer stage
(figures 8(a)—(c)) and 200 K at the beginning of the spark stage
(figure 8(d)). This temperature increase has tiny effects on the
ignition of the combustible mixture, but the ultrafast heating
process in the nanosecond timescale decides the shape of the
heating channel in the arc stage.

The energy deposition happens mainly in the arc dis-
charge stage in a microsecond timescale. The high conductiv-
ity plasma region between electrodes results in a current value
of thousands of Amperes and a Joule heating energy of 2.95 J,
1500 times the energy deposited in the discharge propagation
stage, leading to a temperature rise of 7000—10000 K in the
arc channel and 20004000 K in the igniter hole, as shown
in figures 9(a)—(d). The high energy deposition and follow-
ing temperature rise and gas compression will strongly affect
the species composition and hydrodynamics processes of this
spark jet igniter in a longer time scale.

The evolution of temperature in the jet flow is shown in
figures 10(a)—(i). The starting time moment is selected as the
time when all the discharge energy has been deposited into the
gas. The heated region has its highest temperature of 9000 K
along the arc channel and the average temperature of 2000—
3000 K inside the igniter (figure 10(a)). The heated gas inside
the igniter expands into the ambient air from the exit, forming
a typical vortex flow outside in 20 us. The penetrating depth
of the heating core is 1 cm, and the vortex structure leads to
a heating radius of 1 cm, and the average temperature of the
heating core outside the igniter is 1500-2000 K at 18 us after
discharge, see figure 10(i). The temporal evolution of the tem-
perature in the heating core at z=0, 2, 4, 6, 8 and 10 mm (see
figure 11(b)) are probed and drawn in figure 11(a) as separate
dots. It is clearly seen that the temperature of the heating core
reaches the peak value (2500-3000 K) in 8 us, mainly in the
time duration between 10 and 16 s after the heated gas starts
flowing outside.

It is difficult to perform experimental diagnostics inside
the assembled spark igniter. We captured the evolution of the
luminous heating core using an ICCD camera to obtain top and
front views and compared the shapes of this lighting core with
the calculated temperature evolution as an indirect validation,
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see figures 12(a)—(d). In 18 us, the gas heating core flows out of
the igniter, forming a ‘mushroom’ structure with comparative
penetration depth and radius. The calculated temperature dis-
tribution reproduces well the measured evolution of the light-
ing and heating core at different time moments: the propaga-
tion velocity of 750-875 m s~ ! and the vortex radius of 2.5 mm
with the hottest region near the center.

Note that there is always a hollow region in the calculated
distribution of temperature from the top view while in the
measured images the igniter center is always bright: in the
experiment, the picture is captured through line integration of
the emission along the vertical line instead of the slice way in
the simulation. We also have to note that the discharge chan-
nel calculated by this two dimensional symmetric model is, in
essence, a conical-like surface instead of an arc filament. This

is the reason why in the experimental images there is always
a local bright region shown in the top view. This model can-
not capture the very thin filamentary arc as well as the bright-
est region (with the highest temperature) in the experiment.
Despite this dimensional difference, the model ensures the
same energy deposition as in the experiment inside the igniter,
thus the average characteristics of the reactive jet flow (tem-
perature, velocity and species density) of the igniter can still
be represented.

The high energy deposition inside the igniter results in
the fast expansion of the gas. Figures 13(a)-(i) and 14(a)—
(i) show the evolution of the gas pressure and mass density.
Strong shock waves are generated from the arc discharge chan-
nel, reflected repeatedly by the insulation dielectric walls and
finally focused in the center inside the igniter, leading to a
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region of high pressure (30 bar, figure 13(a)) and high density
(4 kgm™3, figure 14(a)). This high-pressure and high-density
region is then ‘pushed’ out of the igniter, forming a wavefront
propagating with a velocity of 750-875 m s~!. The pressure of
the wave front drops quickly from 20 to 8 bar, the mass density
drops from 4 to 2.7 kgm™3 over 18 s, leaving a low-density
region of 0.3 kg m~3 after the pressure/mass wave. This low-
density region will be filled with new gas when the heated gas
is cooled inside the igniter.

The plasma igniter introduces both gas heating effects and
chemical effects to the gas mixture. In the presence of com-
bustive mixtures, gas discharges will dissociate the molecules
into atoms or radicals. It is interesting to see how the gener-
ated active species are distributed and developed in this spark
jet igniter. In this section, we take O atoms as a ‘marker’
of active species and study the generation and evolution
of the O atoms in the discharge propagation and jet flow
stage.

13

In the discharge propagation stage, the gas temperature
remains at a low level (370-600 K, as shown in figure 8),
the O atoms are generated mainly through direct electron
impact reaction, quenching of excited nitrogen and dissociat-
ive recombination [42]. The O atoms are concentrated in the
streamer—spark channel with the density of 10?>~10%* m—3,
as is shown in figures 15(a)—(d). In the discharge propagation
stage, the O atoms are generated mainly near the cathode and
along the dielectric surface. Once the channel is formed, the
O atoms are generated inside the igniter duplicating the distri-
bution of electron density. However, the locally distributed O
atoms cannot participate in the following reactions for ignition
and combustion.

In the arc discharge stage, the rather high temperature
makes the thermal dissociation of oxygen molecules the dom-
inant production mechanism. The spatial-temporal evolution
of the O atoms generated in the jet flow stage is shown in
figures 16(a)—(i), arather high density of O atoms ranging from
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10?* m—3 and 10** m~—3 are generated during the expansion of
the heated gas. It is interesting to find that the O atoms are
mainly generated after the pressure and mass density wave-
front.

The line distribution of O atoms and NO molecules are plot-
ted together with the temperature in figure 17. The O atoms and
NO molecules are transported out of the cavity with the velo-
city of 750-875 m s~! with an almost constant number density
of 10?* m~3 in the first 20 ys, indicating that convection is the
dominating transport mechanism. The density front and tem-
perature front peaks at the same position, indicating that the
generation of the O atoms and NO molecules are caused by
the thermal dissociation in the high-temperature region, and
note that the high-temperature region is also convection dom-
inating, we can conclude that the transport of active species is
affected by both thermal effects and convection.

3.3. The role of the ‘ladder-like’ geometry in the O atoms
evolution of the igniter

The spark jet igniter studied in this work has a unique ‘ladder-
like’ structure inside. In section 3.1 we mentioned that this
structure makes it easier for the streamer to attach to the

insulation dielectric, reducing the breakdown voltage and
increasing the discharge strength. In this section, we will
further discuss the influence of geometry on arc heating and
jet flow processes.

To have a comparative view, we repeat the aforementioned
calculation with a simplified rectangular geometry as shown
in figure 18(a), on the right hand side. With the same energy
input, the highest arc temperature in the simplified geometry
appears only near the electrodes, and the arc structure is not
as clear as that with the ‘ladder-like’ geometry. The average
temperature in the simplified igniter is not affected strongly,
ranging from 3000 to 9000 K.

To compare the performance of the igniter with different
geometries, we plot the contours of the reaction source term
and the flux source term of the O atoms at 18 us in figures 18(b)
and (c). At this moment, the jet has developed 2 cm away
from the cavity, the density of O atoms decayed in the entire
domain in the simplified igniter, while outside the ‘ladder-like’
igniter, the O atoms density was still increasing chemically in
the radial direction.

The O atoms distribution (figure 18(d)) overlaps the dis-
tribution of the transport source term. The less heated arc
region in the simplified igniter results in weaker transport



J. Phys. D: Appl. Phys.

55 (2022) 035201

X Ma et al

—_
=
=

O atoms number density, m”

Igniter outlet b) enite .
o : s , preT ( - : Igniter outlet ‘ Lai
i . ~ o atoms number density ] e 0 i i
Temperature L 35010 Temperature - 3.5x10°
107 1073
1024 F 300’ 2 10" F 3.0x10°
M A
10 F2san 3 é‘ 10% 4 F 25510
10" 4 E B o]
i F2.0x10° E . E2.0x10"
E = = 3
1> E 1510’ E E 0"
10”3 10ps 18ps oLl ERUS 10ps 18ps [ 1551
. S 10"
1074 F Lox10° P L 1ox10*
1074 10" 5
wed NS N N [ 5.0x10° wed 0 NN R t:__ __'5-“"‘“'
s . : : v 0.0 10" T T T T o

Coordinates on symmetry axis, mm

25

Coordinates on symmetry axis, mm

o

Temperature,

Figure 17. The temperature and species density of the igniter centerline, (a) O atom and (b) NO molecule.

Temperature: 5.0E+02 2.4E+03 4.3E+03 6.2E+03 8.1E+03 1.0E+04

@ 5 o1

Height (m)

0.002
Radius (m)

-20000

-0.002
Radius (m)

source term:

0.004

0 20000

(c)

0.02]

0.015)

Height (m

0.005

0 0.005 0.01

-0.01 -0.005
Radius (m) Raidus (m)

(b)

source term:

-20000 0

20000

015

(d)

0 0.005

-0.01 -0.005
Radius (m)

Raidus (m)

0.01

log10(O atoms Density): 19.5 20.6 21.7 22.8

T T

239 25

Height (m)

-0.01 -0.005
Radius (m)

0.005 0.01
Radius (m)

Figure 18. The comparison between the original and modified igniter. (a) The end time temperature distribution in the arc discharge stage

(in K). (b) The end time reaction source term of O atoms in the jet stage (in kg (m>s)™"). (c) The end time transport source term of O atoms
in the jet stage (in kg (m® s)™!). (d) The end time O atoms density (m~> in logarithm) in the jet flow stage. The left is the original igniter and
the right is the igniter with a rectangular structure for comparison.



J. Phys. D: Appl. Phys. 55 (2022) 035201

X Ma et al

and vortex structures inside the igniter: the high-temperature
region is located mainly inside the igniter instead of being
brought out into the ambient gas. The weaker flux and vor-
tex weaken the mixing of activated species with ambient gas.
As a result, more active species are left inside the simplified
igniter.

4. Conclusion

The plasma-fluid multi-physics process of a spark jet igniter is
numerically studied in this work. The PASSKEY code (for the
nonequilibrium discharge stage) and COMSOL Multiphysics
software (for the arc and reactive jet stages) are used together
to model the discharge and hydrodynamics characteristics of
the spark jet igniter in the static air. The following conclusions
are drawn:

(i) Gas discharge occurs inside the igniter in the form of a
streamer starting from the cathode. The existence of the
‘ladder-like’ dielectric structure promotes the transition
from a volumetric streamer to a surface streamer propagat-
ing towards the anode within 56 ns. Once a conductive
channel is established between electrodes, a new spark
channel with an electron density of 10?2 m~3 and an elec-
tric field of 100-150 Td is formed.

(ii) The spark-arc channel is a region of high temperature (up
to 7000—10 000 K) caused by energy deposition. The other
region inside the spark igniter also reaches as high as
2000—4000 K in tens of microseconds. The high temper-
ature leads to the dissociation of molecules and the expan-
sion of the gases. The heated gas is ‘pushed’ out of the
igniter, forming a ‘heating core’ with high temperature
(2000-3000 K) and high O and NO density (10** m~?)
following a wavefront propagating with a velocity of 750—
875 ms~!. The calculated evolution of the heating core
agrees well with the ICCD measurements in penetration
depth (1 cm) and expansion radius (1 cm).

(iii) The role of the ‘ladder-like’ structure inside the igniter
is studied by comparing it with a simplified rectangu-
lar structure igniter. The penetration depth and expansion
radius of the heating core are not sensitive to the igniter
geometry structure. But the igniter with a ‘ladder-like’
structure results in higher temperature and active species
density in the heating core, as the reflection of the many
micro shock waves generated inside the igniter plays a
beneficial role in pushing the heated gas and species out
of the igniter.

It has to be admitted that the two-dimensional cylindrical
model cannot resolve the appearance and characteristics of the
arc filaments, thus the predicted peak temperature may differ
from observations. The combination of the model of this work
with a simplified analytical model focusing on one-arc fila-
ments may be more useful and efficient in the analysis and
design of an engineering igniter in the future.
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